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ABSTRACT 
Conceptual models implicate the fungi as important mechanisms 
in soil aggregate formation but the lack of suitable assays 
for routine quantification of fungal biomass make validation 
of these models evasive. The objectives of these studies were 
threefold: 1) to evaluate the effectiveness of ergosterol as 
an indicator of fungal biomass; 2) to evaluate 
interrelationships between aggregate-forming processes induced 
by fungi and those caused by physical and chemical factors; 3) 
to evaluate potential soil quality indicators under different 
tillage and residue management systems. Objective 1 focused 
on determining the efficiency of recovering ergosterol from 
spiked soil samples and measuring ergosterol of nine fungal 
species. Objective 2 involved a series of laboratory 
experiments using two autoclaved soils, residue additions 
(ground alfalfa (Medicago sativa) and reed canarygrass 
{Phalaris arundinacea)), and freeze/thaw and wet/dry cycles in 
a factorial design with three replicates for each factor 
(i.e., a total of 108 experimental units). Objective 3 
evaluated wet aggregate stability, microbial biomass, 
respiration, total C and N, and soil ergosterol content as a 
function of tillage or residue management in field studies at 
three research farms. Results indicate the ergosterol assay 
(Objective 1) has low variability and high extraction 
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efficiency. Fungal ergosterol content ranged from 0.38 to 
10.40 mg kg'. Addition of Chaetomium sp. to autoclaved soil 
resulted in increased aggregation (Objective 2). Subjecting 
autoclaved soil samples to either freeze/thaw cycles, wet/dry 
cycles, or crop residue additions decreased aggregation, 
suggesting that the mechanism by which crop residues increase 
aggregation is through stimulation of the fungal biomass. 
Residue, in the absence of Chaetomium sp., actually decreased 
aggregation. Field study results (Objective 3) indicate that 
crop residue management impacts fungal populations with 
corresponding changes in aggregate stability. This research 
suggests that ergosterol is an effective indicator of living 
fungal biomass and that fungi are important mediators of 
aggregate formation and stabilization. These studies suggest 
that aggregate stability and ergosterol content can be used as 
indicators for assessing soil quality. As we strive for 
sustainability in our agricultural systems, an improved 
understanding of interactions between soil management 
practices and fungal populations is an important 
consideration. 
1 
GENERAL INTRODUCTION 
Humankind has been interested in the soil and 
anthropogenic effects on soils for many millennia. Biblical 
references abound relating human development with intrinsic 
soil productivity. In the early 17th century, an Inca 
captured by the Spanish conquistadors and returned to Spain 
(de la Vega, 1604/1966) described in detail the soil 
management practices used by the Inca in the 16th century to 
create very fertile soils in a very harsh, mountainous 
environment (Eash, 1989; Sandor and Eash, 1991). In the 19th 
century, a publication by Professor Schubler (1840) outlined 
some rudimentary laboratory analyses to explain some of the 
phenomena farmers and researchers were observing in the 19th 
century. This publication was among the first identifying 
methods to evaluate soil structure and aggregation. 
Many believe that research on the factors causing 
aggregation has already been done, and that the mechanisms 
have been elucidated. This perception exists because the 
importance of soil aggregation for reducing soil erosion has 
been well established in the scientific literature. Research 
in the 1930's and 1940's documented the importance of soil 
structure and aggregation in reducing soil erosion rates. But 
while there is universal agreement that soil structure and 
aggregation are very important in keeping soil erosion losses 
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low, specific mechanisms causing aggregation are ambiguous 
indicating a definite need for more research. 
Many different mechanisms and models have been proposed 
to explain aggregation dynamics and processes. Physical 
forces (drying, shrink-swell, freeze-thaw, root growth, animal 
movement, or compaction) mold the soil into aggregates as well 
as clay and clay-organic matter complexes (Paul and Clark, 
1989). Numerous studies indicate the importance of crop 
residues on promoting aggregation (Boyle et al., 1989; Oades, 
1984) but the mechanisms by which residue enhances aggregation 
are not well delineated. Other research suggests the 
importance of the soil fungi in stabilizing soil aggregates 
(Jastrow and Miller, 1991; Molope, 1987). 
A deficiency exists in the literature separating the 
effects of residue and fungi on soil aggregation. The 
mechanism by which residue stabilizes soil is unclear. While 
it is obvious that residue additions to soil provide substrate 
for increased microbial activity, residue applied as a surface 
mulch also physically protects soil aggregates from 
destruction by absorbing raindrop impact, decreases the 
amplitude of freeze/thaw and wet/dry cycles, and may increase 
aggregation by clay-organic matter complexes. This 
dissertation research is an attempt to understand and quantify 
the contributions of soil fungi to soil aggregation. 
The primary objectives of these studies were: 
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1. To evaluate ergosterol as an indicator of fungal 
biomass; 
2. To evaluate the contribution of soil fungi to 
aggregation in controlled laboratory studies; 
3. To evaluate potential soil quality indicators 
including microbial biomass, respiration, 
ergosterol content, and wet aggregate stability as 
a function of tillage and residue management. 
Explanation of Dissertation Format 
This dissertation is divided into three papers. The 
first paper is entitled "Ergosterol as an estimator of fungal 
biomass." This part of the dissertation research evaluates 
the usefulness of ergosterol as an indicator of fungal 
biomass. A version of this manuscript will be submitted for 
scientific journal publication. 
The second paper is entitled "The contributions of 
Chaetomium sp., residue additions, and cycles of freeze/thaw 
and wet/dry to soil aggregation." This paper evaluates the 
contribution of the soil fungi to soil aggregation. A version 
of this manuscript will be included in a Soil Science Society 
of America special publication entitled "Defining soil quality 
for a sustainable environment" to be published in early 1993 
(Eash et al., 1993). 
The third paper is entitled "Evaluation of potential soil 
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quality indicators as a function of tillage and residue 
management" and includes data collected from three field 
studies conducted over the past three years. These data sets 
are being reviewed for publication. 
Following the papers is a Summary of the study. 
References used in the General Introduction and Summary are in 
the List of References. Other selected studies conducted 
during this period are included in the Appendices. 
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PAPER I. ERGOSTEROL AS AN ESTIMATOR OF SOIL FUNGAL BIOMASS 
6 
INTRODUCTION 
Soil fungi play an important role in the soil ecosystem. 
The soil microbial biomass may contain a considerable portion 
of the plant nutrients in the form of live and dead 
microorganisms. Fungi are decomposers of plant residue 
thereby immobilizing important plant nutrients which support 
successive crops at the time of death, lysis, or decomposition 
(Baath and Soderstrom, 1979). Fungi also serve as a food 
source for the soil fauna, are an important mechanism in soil 
aggregation (Jastrow and Miller, 1991; Molope, 1987; Tisdall 
and Oades, 1982), and cause disease in plants. 
Many studies have observed changes in soil properties, 
including aggregate stability, following various tillage, 
fertility, and crop rotation practices. These changes in soil 
properties have often been attributed to various physical, 
chemical, or biological mechanisms. While it is generally 
believed that microorganisms are important mechanisms in 
aggregate formation, the specific role of bacteria and fungi 
in soil aggregation and stabilization is unclear. Both 
bacteria and fungi cement soil particles together into stable 
aggregates through production of extracellular polysaccharides 
(Molope et al., 1987; Tisdall and Oades, 1982). Some 
researchers have indicated that hyphal entanglement of soil 
particles by fungi is the main mechanism through which 
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aggregation occurs (McCalla, 1945; Miller and Jastrow, 1990). 
Likewise, some researchers believe that bacteria are more 
important mechanisms in aggregate formation (Harris et al., 
1964) while others believe that fungi are more important 
(Molope, 1987; Holland and Coleman, 1987). While no one 
mechanism is probably responsible in such a diverse and 
dynamic environment as the soil, the ability of fungi to cause 
changes in soil properties may have been incorrectly 
attributed to other factors due to the lack of suitable assays 
for quantifying soil fungal biomass. 
Numerous studies link aggregate stability with physical 
and textural properties (Grossman and Pringle, 1987; Skidmore 
and Layton, 1992; Wischmeier and Mannering, 1969). Other 
studies link decreased aggregate stability to cycles of 
freezing and thawing (Chamberlain and Gow, 1979) and increased 
aggregation with cycles of wetting and drying (Shiel et al., 
1988; Utomo and Dexter, 1982). Numerous researchers contend 
that soil organic matter content determines aggregate 
stability (Boyle et al., 1989; Browning, 1937; Capriel et al., 
1990; Fortun et al., 1989; Gish and Browning, 1948; Lowrance 
and Williams, 1988; Tisdall and Oades, 1982), while others 
contend that crop rotation and tillage practices determine 
aggregate stability (Angers et al., 1992; Angers and Mehuys, 
1989; Haynes et al.; 1991; Kay et al., 1988; Low, 1972). 
These processes affect the biota necessitating development of 
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analytical methods capable of quantitating soil fungal biomass 
in order to assess fungal impact on soil properties. Until a 
suitable method of evaluating fungal biomass is determined, 
the "full role of the fungi as 'conservers' and 'cyclers' of 
nutrients will not be accurately assessed" (Parkinson, 1982). 
With the development of the microbial biomass assay by 
Jenkinson and Powlson (1976), new insights into the dynamics 
of the soil biota were established. Measurements of the total 
soil microbial biomass indicate the relative size of the 
microbial biomass pool inclusive of all organisms. 
Current methods to quantify fungal biomass include direct 
microscopy and quantitation of hyphal length, DNA, enzyme 
activities, and selective inhibition assays; however, the 
usefulness of these methods is disputed due to problems 
intrinsic to each method. Selective inhibition or substrate 
induced respiration is a method used to separate the soil 
microbial biomass pool by adding bactericides, fungicides, and 
glucose (as a substrate) to the soil. Theoretically, this 
method should effectively eliminate the fungal or bacterial 
populations allowing relative measurements of each microbial 
pool. However, combining both the bactericide and fungicide 
can result in greater respiration than all other treatments 
after as little as 3 days of incubation (Stamatiadis et al., 
1990) making interpretation of the results difficult. 
Extracting DNA and RNA from soil can be equally difficult. A 
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study by Nannipieri et al. (1978) measured respiration, direct 
counts, enzyme activity levels of phosphatase and urease, and 
ATP content and came to the conclusion that none of these 
measurements alone allowed interpretation of microbial growth 
patterns. 
Direct microscopy has often been used to estimate soil 
fungal biomass and compared with aggregate stability values. 
Fungal biovolume measurements by Gupta and Germida (1988) 
indicate that the loss of fungal biomass decreases soil 
aggregate stability. However, fungal biovolume measurements 
are time consuming and require operator competence and 
specialized equipment, requirements that often preclude this 
assay from becoming a routine measurement on field studies. 
Routine measurements of fungal biomass require the 
development of chemical assays that measure compounds specific 
to fungi using common laboratory equipment. Biochemical 
assays, such as chitin and glucosamine, have features which 
make these assays preferable to direct-count methods. The 
extraction efficiency of biochemical assays is usually higher 
than the efficiencies of direct-count measurements of whole or 
fragmented fungal hyphae. Biochemical indices also have less 
operator subjectivity and allow for storage of the samples 
(Hicks and Newell, 1984). 
Development of an ergosterol assay by Seitz et al. (1977) 
and its modification by Grant and West (1986) provided a 
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relatively fast assay for determining live fungal biomass by 
quantifying soil ergosterol content (West et al., 1987). 
Ergosterol is the predominant fungal sterol of most fungi 
(Davis and LaMar, 1992; Grant and West, 1986; Weete, 1973), 
although some fungi, notably Oomycete genera Pythium and 
Phytophthora, contain no ergosterol (Mercer, 1984). 
Microorganisms other than fungi also produce ergosterol. 
Mercer (1984) indicates that some protozoa synthesize 
ergosterol as well as the green alga Chlorella. Although 
ergosterol is produced by other microorganisms, the 
predominant sterol in most fungal cells is ergosterol making 
it a useful indicator of fungal biomass (Pierce et al., 1979). 
The biochemical function of ergosterol is not completely 
understood. Ergosterol is an important component of the 
fungal cells and mycelial membranes (Mercer, 1984). The 
principal nonmetabolic function of sterols is as an 
architectural component of membranes. Regulation of the cell 
cycle is also accomplished by select sterols specific to a 
particular fungal species (Nes et al., 1989). 
Ergosterol is present in the phospholipid bilayer of the 
fungal membranes, where it increases the membrane 
microviscosity and thus alters the fluidity and molecular 
motion of other lipids in the membrane (Peacock and Goosey, 
1989). Changes in membrane viscosity may, in turn, modulate 
the effect of membrane-bound enzymes such as chitin synthetase 
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and ATPase's (Peacock and Goosey, 1989). Therefore, 
ergosterol biosynthesis is essential for normal growth and 
maintenance of the fungal cell (Mercer, 1984; Peacock and 
Goosey, 1989). 
The importance of ergosterol to fungal metabolism is 
evidenced by the numerous ergosterol biosynthesis inhibitors 
used as agricultural fungicides (Falloon, 1988; Peacock and 
Goosey, 1989). Numerous studies have shown good correlation 
between fungal mycelial biomass and ergosterol content (Davis 
and LaMar, 1992; Grant and West, 1986; Matcham et al., 1985; 
Newell et al., 1987; Seitz et al., 1977; Seitz et al., 1979; 
West et al., 1987) although the ergosterol content of specific 
fungal species varies (Nout et al., 1987). 
Ergosterol is an indicator of live fungal biomass (West et 
al., 1987) because it is quickly degraded following death of 
the fungal cells (Davis and LaMar, 1992). Ergosterol 
correlates with fungal surface area (West et al., 1987), 
hyphal length (Matcham et al., 1985), and is more sensitive 
than the chitin or extracellular laccase assays (Matcham et 
al., 1985; Seitz et al., 1979). Given the fact that 
ergosterol is the most frequently encountered fungal sterol 
(Davis and LaMar, 1992; Grant and West, 1986; Mercer, 1984; 
Peacock and Goosey, 1989; Pierce et al., 1979; Weete, 1973), 
ergosterol may be an important indicator of changes in the 
fungal portion of the soil microbial biomass. 
The objectives of this study were: 
1) To determine the extraction efficiency of ergosterol 
from soil samples; 
2) To evaluate an alternative ergosterol extraction 
method; 
3) To determine the range of ergosterol content of several 
fungal species. 
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MATERIALS AND METHODS 
Ergosterol Extraction 
Ergosterol extraction and measurement followed the 
procedure of Grant and West (1986) with minor modifications. 
Field-moist soil (approximately 25 g) was passed through a 4-
mm sieve into 125 mL round HOPE Nalgene bottles. Prior to a 
6-min sonication, 80 mL of HPLC grade methanol (MeOH) was 
added. The soil:MeOH mixture was filtered through Whatman #41 
filter paper and washed with five 10-mL aliquots of MeOH into 
250 mL Erlenmeyer flasks. On a magnetic stirrer, 12 g of 
potassium hydroxide and 25 mL of ethanpl were added. The 
samples were saponified under reflux for 30 min, cooled, and 
30 mL of distilled and deionized water was added. Ergosterol 
was extracted from the sample with three 90-mL aliquots of 
hexane in a 500-mL separatory funnel. The hexane extract was 
rotary-evaporated under nitrogen until 5- to 20 mL remained. 
The sample was then transferred and dried in a turbovap under 
nitrogen. The ergosterol was dissolved in 10 mL of MeOH, 
vortex mixed, and reduced to l- to 2 mL volume in the 
turbovap. The MeOH extract was drawn from the turbovap tubes 
with a 5 mL syringe (tared) and expelled through a 0.2 /xm 
syringe filter into the HPLC vials. The volume of the MeOH 
extract was determined on a weight basis. Samples were stored 
in the freezer until analysis. 
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Alternative Extraction Method 
Ergosterol extraction also followed a method developed by 
Dr. Peter Stahl (USDA-ARS National Soil Tilth Lab, Ames, lA). 
Soil (1- to 2 g), 3 mL MeOH, and 1 mL 4% potassium hydroxide 
(in 95% ethanol) was placed into 16x125 mm centrifuge tubes, 
vortex mixed for 10 seconds, and sonicated for 6 min. Tubes 
were tightly capped, placed in a 85° C. water bath for 30 min, 
occasionally removing to vortex mix. Tubes were cooled, water 
(2 mL) and hexane (2 mL) added, and inverted for 10 minutes. 
The hexane layer (top) was removed and saved. Hexane (2 mL) 
was added and inverted (10 min) with the hexane layer again 
removed and combined with the previous extraction. Samples 
were dried in a hood and redissolved in 1 mL MeOH, capped in 
amber vials and stored in a freezer until analysis. 
Analytical Method 
Ergosterol was analyzed using a MeOH/water (95:5 v/v) 
mobile phase, a flow rate of 2 mL/min and UV detection at 282 
nm using a Hewlett Packard 1090A HPLC equipped with a diode 
array detector. Ergosterol retention time was approximately 
5.4 min with an oven temperature of 40° C. using a LiChrospher 
100 RP-18 column. Ergosterol standards (Sigma) were used to 
determine the lower quantitation limit (0.005 fiq/fil). 
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Fungal Cultures 
Fungi collected from corn (Zea mays L.) plants and 
identified by Dr. Nader Vakili (USDA-ARS National Soil Tilth 
Laboratory, Ames, lA) were cultured in acidified potato 
dextrose broth (24 g potato dextrose broth, 1 itiM potassium 
phosphate monobasic, 1 mM potassium dihydrogen phosphate per 
liter). Erlenmeyer flasks (250 mL) containing 50 mL of 
sterile potato dextrose broth and aseptically inoculated were 
placed on a shaker at room temperature for 10 days. Following 
the 10 day incubation, the potato dextrose broth was decanted 
and the fungal biomass was washed with sterile saline solution 
and centrifuged at 3000 rpm for 10 min. The fungal biomass 
was subsampled for water content and analyzed for ergosterol. 
Ergosterol Recovery Study 
An experiment was conducted to determine the recovery of 
ergosterol added to soil prior to beginning the ergosterol 
extraction procedure. Five replicate 25-g samples of Sable 
silty clay loam soil (fine-silty, mixed, mesic Typic 
Haplaquoll) were spiked with 100 /ig ergosterol (Sigma) . 
Samples were extracted according to the modified procedure of 
Grant and West (1986) described above. 
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RESULTS AND DISCUSSION 
The ergosterol extraction procedure was assessed to 
determine the reproducibility of thé assay and to determine 
ergosterol recovery from soil. Ergosterol (100 /xg) was added 
to the soil prior to the onset of the extraction procedure. 
Table 1 indicates that the ergosterol assay has low 
variability for spiked and unspiked samples. This 
demonstrates that results obtained from this assay are both 
reproducible and reliable. Coefficients of variation for 
spiked and unspiked samples were 2.8% and 2.5%, respectively, 
with an average extraction efficiency of 79.3% of the spiked 
samples. Davis and LaMar (1992) found a 76% recovery rate 
when ergosterol was added to the soil prior to extraction, 
very similar to the results of this study. Possible 
explanations for extraction efficiencies of approximately 75% 
include chemical adsorption to the clay surfaces or to the 
soil humus (LaMar et al., 1990) or oxidative degradation 
(Davis and LaMar, 1992). 
Chemical adsorption and oxidative degradation have been 
found in other studies using different chemical compounds. A 
study by LaMar et al. (1990) evaluating the fate of 
pentachlorophenol (PCP) in sterile soils inoculated with 
white-rot fungi found that PCP was adsorbed to the clay 
surfaces and positively correlated with soil humus content 
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independent of soil pH. Van der Waals forces also affected 
recovery rates of added PCP. Davis and LaMar (1992) found 
that ergosterol is adsorbed and oxidatively degraded in soil. 
Their results indicated that as soil clay content increases, 
so does soil-catalyzed oxidative degradation. Given this 
fact, it is likely that ergosterol values from various 
research sites will have different extraction efficiencies due 
to changes in clay mineralogy and content. 
Ergosterol extraction efficiencies from MeOH extracts has 
been evaluated in other studies. Grant and West (1986) found 
a 92% recovery of ergosterol added to MeOH extracts, similar 
to the 95-107% recovery of ergosterol from MeOH extracts of 
plant materials by Newell et al. (1988). While evaluating 
this part of the extraction process is important, addition of 
ergosterol to the soil sample prior to chemical extraction 
allows evaluation of the complete extraction and analysis 
process. However, determining recovery efficiencies of 
ergosterol added as a pure substrate to soil samples may not 
accurately reflect ergosterol recoveries from fungal tissue 
(Davis and LaMar, 1992). 
Ergosterol can be present in either "bound" or "free" 
forms. A study by Seitz et al. (1977), evaluating fungal 
growth in grain, indicated that the "free" portion can be 
extracted without saponification while saponification is 
necessary for ergosterol that is "bound" to the membranes. 
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Their study indicated that 62% of the ergosterol was in the 
"free" form while 38% was bound to the cellular membranes. In 
contrast, the study by Davis and LaMar (1992) found no 
difference between saponified and neutral extracts of 
ergosterol from soil. This latter study indicates that the 
ergosterol extraction procedure as described earlier may be 
modified to expedite the extraction process by abandoning the 
saponification step. 
Losses of ergosterol during extraction can also occur due 
to photoconversion of ergosterol into other compounds. 
Numerous studies conducted the ergosterol extractions in the 
dark and under nitrogen gas in order to avoid photoconversion 
and oxidation of ergosterol into other compounds during the 
extraction procedure. Ergosterol standards (Sigma) are 
labeled as sensitive to light, air, and heat. However, a 
study by Newell et al. (1988), found no losses due to 
photoconversion. In contrast, a study by Nout et al. (1987) 
found that a 20 hour exposure to diffuse sunlight caused a 
1.6% loss of ergosterol. They suggested that samples which 
will be stored for longer than one hour should be stored in 
the dark. Preliminary studies conducted while evaluating this 
technique found virtually no degradation of ergosterol samples 
extracted under normal laboratory fluorescent lighting. 
Samples which were stored for later HPLC analysis in this 
study were stored at 4°C. in the dark. 
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An alternative extraction procedure developed by Dr. Peter 
Stahl (USDA-ARS National Soil Tilth Lab, Ames, Iowa) was 
evaluated. This method significantly reduces the volume of 
reagents used in the extraction process and the amount of time 
needed per sample. This method was not successful due to 
limitations of the HPLC used in the analysis. Ergosterol was 
detected in the extracts but was lower than the quantitation 
limit of the present HPLC configuration due to less soil (l-
to 2 g) used in the extraction process. A ten-fold increase 
in HPLC injection volume (from 25- to 250 nl) should result in 
a similar quantitation limit. 
In order to evaluate ergosterol as an indicator of fungal 
biomass, the range of fungal ergosterol content of nine fungal 
species was evaluated (Table 2). Nine fungi were acquired 
from Dr. Nader Vakili that were collected from corn (Zea mays 
L.) stalks and incubated according to the procedure outlined 
in the materials and methods. The range in ergosterol content 
of dry fungal biomass varied from 0.38 to 10.4 mg g'. This 
range in ergosterol content is similar to other studies 
reported in the literature. Newell et al. (1987) and Seitz et 
al. (1979) found ranges of 1.9 to 2.5 and 2.3 to 5.9 ng 
ergosterol g"' dry fungal biomass, respectively. With the 
exception of Rhizoctonia solani, the range in fungal 
ergosterol content among species used in this study is within 
the range of other research studies. 
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Fungal ergosterol contents also vary depending on 
developmental, nutritional, and environmental factors. Nout 
et al. (1987) found a range of 2 to 24 mg ergosterol g' of 
fungal dry weight using Rhizopus oligosporus when these 
factors were varied. This may explain the differences 
observed between species (Table 2). 
Rhizoctonia solani had a lower ergosterol content than the 
other fungi used in this study. With the exception of 
Rhizoctonia solani, differences in ergosterol content among 
fungal species used in this study were approximately three­
fold. These species were sampled at only one time point 
suggesting that nutritional and developmental differences 
between species may account for some of the measured 
variability between species. In the soil system, ergosterol 
measurements would be an average of all fungal species present 
in an ecosystem with vastly different nutritional and 
environmental conditions. 
Table 2 indicates that the average coefficient of 
variation with the ergosterol assay on fungal tissue is 
approximately 20% in contrast to 2.80% from soil samples 
(Table 1). Direct microscopy and quantitation of hyphal 
length from soil using the method described in Chapter 2 
typically has a coefficient of variation of approximately 20%. 
Therefore, the variation associated with the ergosterol assay 
is less than direct microscopy; however, the ergosterol assay 
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is a routine laboratory assay that requires no special skills 
or the large time requirements associated with direct 
microscopy. It should also be noted that the 20% coefficient 
of variation found on soil samples Using direct counts is the 
variation associated with only one operator. Since direct 
count determination is subject to operator discretion and 
interpretation, the coefficient of variation for direct 
microscopy will increase as the number of different operators 
increases. If multiple operators are used, the variability 
associated with the ergosterol assay is, presumably, much less 
than the variability associated with direct counts. 
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CONCLUSIONS 
Although some fungal species contain no ergosterol and 
ergosterol contents vary between species, the technique has 
advantage over other methods to assess fungal biomass in soil. 
The ergosterol assay requires no special skills, allows 
storage of the sample prior to analytical determination, and 
is not prone to operator subjectivity. Results from this 
study (and Chapter 2) indicate that variability in the 
ergosterol assay was less than the variability found in direct 
counts. Therefore, the ergosterol assay may be a useful 
indicator of fungal biomass in soils. 
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Table 1. Ergosterol extraction efficiency from soil 
Sample Ergosterol spike Ergosterol Extraction 
efficiency 
1^9 pg % 
Soil Spike 1 100 140.41 72.14* 
Soil Spike 2 100 148.42 80.15 
Soil Spike 3 100 153.10 84.83 
Soil Spike 4 100 146.71 78.44 
Soil Spike 5 100 149.14 80.87 
147.56 (4.14)+ 79.29 (4.15) 
Control 1 0 67.57 -
Control 2 0 70.95 -
Control 3 0 66.85 -
Control 4 0 66.52 -
Control 5 0 69.46 -
68.27 (1.68) 
^Mean with standard deviation in parentheses; coefficient of variation of 
ergosterol extraction is from soil is 2.80%. 
^Extraction efficiency {%)= 
^apike*coBtzol "•^ contxoi * q q 
^aplko 
when * x,piiB+oonugi 
X|plbD 
= fjg ergosterol in spiked soil sample 
= fjg ergosterol in spike 
Table 2. Ergosterol content of fungi isolated from corn (Zea mays) 
stalks. Data are means of three replicates 
Fungus Ergosterol Standard Deviation CV 
mg/g % 
Actlnomucor sp. 5.63 0.40 7.10 
Rhlzopus nigricans 5.87 1.08 18.40 
Pénicillium oxalicum 4.50 2.76 61.33 
Chaetomium sp. 10.40 0.80 7.69 
Gliocladium roseum 7.50 0.43 5.73 
Fusarium graminearum 3.63 0.05 1.38 
Trichoderma viride 5.80 1.67 28.79 
Rhizoctonia solani 0.38 0.05 13.16 
Marasmius oreades 3.70 1.77 47.84 
Average 5.27 21,27 
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PAPER II. THE CONTRIBUTIONS OF CHAETOMIUM SP., RESIDUE 
ADDITIONS, AND CYCLES OF FREEZE/THAW AND WET/DRY 
TO SOIL AGGREGATION 
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INTRODUCTION 
Increased public concern for improved environmental 
quality necessitates determination of the mechanisms important 
in soil structure formation in order to decrease runoff and 
erosion. Yoder (1937) stated that "Anyone who is conservation 
minded, and at the same time familiar with the close 
correlation between poor tilth and high erodibility, is 
inclined to the view that the possibility of improving soil 
structure should be investigated to the fullest extent." This 
statement remains relevant today. 
In the past, soil "tilth" has holistically described soil 
in a conceptual way; ease of tillage, fitness as a seedbed, 
and ability to support plant growth (SCSA, 1982) without 
recognizing the contributions of the soil biotic communities. 
Increased interest in the biological contributions to soil 
tilth has recently resulted in the concept of soil health. A 
healthy soil is thought to be a biologically active soil with 
a large and diverse microbial biomass pool. Soil quality 
encompasses the concepts of soil tilth and soil health; a 
quality soil would exhibit characteristics of high health and 
high tilth. 
Soil structure has been defined as the size and 
arrangement of particles and pores in soil (Oades, 1984). 
Soil structure is created when physical forces (drying, 
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shrink-swell, freeze-thaw, root growth, animal movement, or 
compaction) mold the soil into aggregates (Paul and Clark, 
1989; Singer et al., 1992). Clay and clay-organic matter 
complexes are basic to aggregate formation (Paul and Clark, 
1989). Aggregation can result from pressures exerted by 
roots, differential dehydration, shrinkage, and microbial 
activity resulting in production of humic cements (Hillel, 
1982) . Soil structure also controls the formation and 
destruction of soil organic matter, soil porosity, and water 
and solute movement through the soil profile (Elliott and 
Coleman, 1988). 
The formation of soil structure results from aggregate 
formation. As aggregates become larger, the architecture, 
arrangement, and stability of aggregates is important because 
these factors dictate pore size and continuity. Aggregate 
breakdown relates closely to infiltration and erodibility in 
the field (Coughlan et al., 1991; Egashira et al., 1983; Lai, 
1991; Yoder, 1937). If soil aggregates are unstable during a 
rainfall event, decreased water infiltration results due to 
partial blocking of the pores with aggregate particles (Lynch 
and Bragg, 1985). As the percentage of water-stable 
aggregates increase, water infiltration increases with 
concomitant decrease in erosional losses (Wilson and Browning, 
1945). Therefore, aggregate size and stability control the 
soil pore size distribution, infiltration, and erodibility. 
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Soil aggregation is a dynamic process that is changing at 
different scales at different rates (Kay, 1990). Cycles of 
wetting and drying, freezing and thawing can alter 
characteristics of aggregates and pores. During freezing, 
sorting and redistribution of fine particles occurs due to 
precipitation of solids as solute concentrations increase as a 
result of desiccation near the growing body of ice (Nogina et 
al., 1968, cited in Pope, 1989). These precipitates are 
compressed and compacted into oriented layers similar to "clay 
skins" found in argillic horizons. This process results in 
enhanced expression of "platy" structure (Nogina et al., 1968, 
cited in Pope, 1989), a type of soil structure common in E and 
some A horizons. 
Desiccation of soil by drying results in an increase in 
effective stress and the formation of failure zones (Kay, 
1990). The strength of the failure zones depends on the 
variation in pore size. Decreasing water content results in a 
decreasing water potential and the resultant drainage of 
larger pores. Therefore, structural stability would be 
dependent on the water content and the intrinsic pore size 
distribution. 
Rewetting a dry soil results in entrapped air in the 
pores. This entrapped air is a disruptive force that effects 
"slaking" (Pannabokke and Quirk, 1957, cited in Kay, 1990) or 
"tilth mellowing" (Utomo and Dexter, 1981a), depending on the 
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rate of wetting (Kay, 1990). Rapid wetting rates create more 
extensive failure zones and resultant slaking of soil 
particles. Slower rates of wetting result in less extensive 
failure zones, or mellowing of the soil. Mellowing of the 
soil is, therefore, partial slaking where the soil aggregates 
or clods weaken but do not break into smaller pieces. 
Many studies have implicated the soil fungi as important 
mechanisms causing soil aggregation (Holland and Coleman, 
1987; McCalla, 1946; Molope, 1987; Molope et al., 1985; 
Tisdall and Oades, 1982). Field studies compared aggregate 
stability on soils from different cropping rotations and 
related soil hyphal lengths with increased aggregation, 
implying that fungi are important in stabilizing soil 
aggregates. However, associations between crop rotations, 
hyphal lengths,and aggregate stability does not necessarily 
establish cause/effect relationships. Changes in crop 
rotation result in changes in root mass and density per volume 
of soil. Roots also stabilize soil and promote aggregation 
through desiccation in areas close to the root and by exuding 
compounds from the roots. Therefore, increased aggregation 
observed in past studies may have resulted in increased 
aggregation due entirely to root mass, density, and amount of 
root exudates from a particular species. Likewise, the 
increased fungal biomass observed may have been merely an 
artifact that occurred in response to increased root exudation 
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or some other factor. 
Several research studies indicate the importance of crop 
residues on promoting aggregation. Crop rotations with low 
organic matter inputs lead to loss of water-stable aggregates 
(Boyle et al., 1989; Oades, 1984). Other studies indicate 
that residue management also affects the microbial community 
composition (Doran, 1980; Holland and Coleman, 1987), but the 
actual mechanisms contributing to this loss in aggregation are 
not well defined. Specific questions regarding the impact of 
residue on soil aggregation remain unresolved. These 
questions include; 1) Does residue chemically alter the soil 
with a corresponding increase in aggregation and are increases 
in fungal biomass simply an artifact resulting from residue 
additions, or 2) Do fungi play a functional role in increasing 
soil aggregate stability? 
Numerous researchers have implicated soil microorganisms 
as important factors in soil aggregation and soil structure. 
A study by Martin and Waksman (1940) indicated that 
microorganisms are important in promoting soil structure and 
reducing erosional losses. In their study, soil materials 
were sterilized, inoculated with various microorganisms, and 
subjected to aggregate stability measurements. Their results 
indicated that microorganisms reduced erosion losses by 
increasing aggregate stability. The effect of residues on 
aggregate stability was determined by adding residue to non-
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sterilized soil and incubating for 20 or 50 days. After a 20-
day incubation period, aggregation was greatly increased where 
crop residues had been added to the samples. Their study did 
not determine if the increased aggregation observed was due to 
the residue itself or due to the beneficial effects of added 
residue on soil fungi and bacteria. 
Hierarchical models of biological contributions to soil 
structure and aggregation imply that bacteria and fungi 
promote aggregation in soil. A model developed by Tisdall and 
Oades (1982) suggests that the bacteria are important at one 
size fraction and that fungi are important at another size 
fraction; however, data to support this conceptual model are 
not available. A study by Gupta and Germida (1988), which 
contrasted native and cultivated soil, indicated that the 
fungal biomass was important in the formation of soil 
aggregates. In their field study, increases in fungal biomass 
paralleled increases in aggregate mean weight diameter. Their 
results suggest that reduced aggregate stability following 
cultivation can be explained by decreases in total microbial 
biomass coupled with significant loss of fungal biomass, but 
no controlled laboratory studies were performed to evaluate 
this hypothesis. However, soil organic C content was lower in 
the cultivated system indicating that differentiation between 
organic matter and fungal contributions to soil aggregation 
was not resolved. 
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A deficiency exists in the literature delineating effects 
of fungi and residue on aggregating soil. The mechanism by 
which residue stabilizes soil is unclear. Crop residues may 
have a direct effect on aggregation by physically or 
chemically binding soil particles together; or, residues may 
indirectly impact aggregation by providing substrate for 
microorganisms which effect aggregation. While clay-organic 
matter complexes may increase aggregation at one aggregate 
size class, residue additions to soil may decrease aggregation 
at another size range. Residues alone may actually result in 
weaker aggregates, i.e., reduce the effectiveness of cementing 
agents that bind soil particles together. The purpose of this 
experiment was to evaluate the potential impact that a soil 
fungus may have on soil aggregation and to assess the "non-
biological" effects of residue on soil aggregation. 
In this laboratory study, the interactions of crop 
residue, freeze/thaw and wet/dry treatments, and Chaetomium 
sp. in two soil materials with different textures and origin 
(surface soil and parent material) were investigated. 
Aggregation was determined by measuring wet and dry aggregate 
stability. Fungal growth was monitored using ergosterol and 
direct microscopic examination of hyphal length. Specific 
objectives of this study were: 
1. To determine the effect of alfalfa (Medicago sativa) 
and reed canarygrass {Phalaris arundinacea) residue, 
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independent of biological activity, on soil 
aggregation; 
To determine if the addition of fungal inoculum, 
specifically (Chaetomium sp.), into sterile soil 
increases soil aggregation; 
To assess the effects of external forces including 
freeze/thaw and wet/dry cycles on fungal-stabilized 
soil aggregates. 
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MATERIALS AND METHODS 
A factorial design with two levels of fungi (inoculated 
and uninoculated), three levels of crop residue (alfalfa, reed 
canarygrass, or none), three treatments (freeze/thaw, wet/dry, 
or benchtop), two soils of different textures and organic 
matter content (Clarion loam surface soil and a silt loam 
parent material) and three replicates (54 jars for each soil) 
was used for this laboratory study. 
Soil materials were basal loess parent material collected 
below an Ida silt loam (1.8 m depth; fine-silty, mixed, mesic, 
calcareous Typic Udorthents) in western Iowa and a Clarion 
loam surface soil (0-15 cm depth; fine-loamy, mixed, mesic 
Typic Hapludolls) from the research farm near Ankeny, Iowa. 
These two soils were chosen based on their total C content and 
texture (Table 1). The silt loam parent material consisted of 
78% silt. Because of the erosiveness of silt-size particles 
and the fact that western Iowa has some of the highest rates 
of soil loss in the world, the low organic C parent material 
was selected. The A horizon of soil mapped as the Clarion 
soil series was selected because this soil series is very 
common in central Iowa with a relatively high total C content 
(20.4 g kg"') in contrast to the silt loam parent material 
(1.4 g kg"'; Table 2). The soil material was air-dried and 
ground to pass a 2-mm sieve. A pressure plate apparatus was 
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used to determine water content at 33 kPa water potential. 
Soil (400 g) was placed into one quart Mason jars and 
capped with lids that contained a rubber stopper through which 
a Pasteur pipette was inserted. Glass wool was placed into 
the Pasteur pipette so that air could pass into the jar 
without contaminating the sample. All jars were autoclaved on 
three successive days for 30 minutes at 121° C. at 101.4 kPa 
pressure. Following the final autoclaving, all samples were 
aseptically brought to 33 kPa water potential with sterile 
water. Approximately three weeks after autoclaving, 
sterilization of the samples was verified by sampling for 
carbon dioxide in the headspace of jars used as controls. 
Effect of alfalfa and reed canarygrass residue on soil 
aggregation was evaluated by adding 2 g of the respective 
residue that had been ground in a Wiley mill to pass a 2-mm 
screen. In treatments with alfalfa or reed canarygrass 
residue added, the residue was added to the soil and 
thoroughly mixed prior to autoclaving. 
All samples were incubated at room temperature with 
fluorescent lighting (lights were on for 8 hours, 16 hours of 
low fluorescent lighting from the safety lights) for 7 days. 
Samples subjected to wet/dry and freeze/thaw cycles were 
incubated on the benchtop with the other samples for 7 days 
and then were subjected to their respective treatment for 3 
more days for a total incubation time of 10 days. Preliminary 
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laboratory studies indicated that most of the aggregation 
occurs in the first 7- to 10 days of incubation (Appendix E), 
similar to other published research studies evaluating 
biological contributions to soil aggregation (Molope, 1987; 
Molope et al., 1985). 
Inoculum 
A preliminary experiment using ten fungi (Appendix E). 
indicated that Chaetomium sp. showed average response in terms 
of promotion of soil aggregation. Chaetomium sp. was grown in 
acidified potato dextrose broth for 7 days on a reciprocal 
shaker. Streptomycin sulfate (0.001 g mL"') and 
chloramphenicol (0.001 g mL"') were added to the culture media 
as bactericides. Prior to inoculating the jars, the cultures 
were examined for bacteria by direct microscopic counting. 
Cultures were placed into a sterile Waring blender and blended 
at high speed for 1 min. Immediately after the blender was 
stopped, one mL of the chopped fungus was added to the jars 
that were to be inoculated. Ergosterol content and hyphal 
length was measured on the inoculum. 
Aggregation Measurements 
In this study, wet and dry aggregate stability was 
measured. Wet aggregate stability is a measure of soil 
erodibility by water (Yoder, 1936) and dry aggregate stability 
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is a measure of soil erodibility by wind (Chepil, 1941; Kemper 
and Rosenau, 1986). Following the incubation period, the soil 
in each jar was removed, quartered, and sampled for water 
content. A nest of sieves (8, 4, 2, 1, 0.5, 0.25, and 0.125 
mm) was used in determining aggregate stability (Yoder, 1936) 
on 200 g of moist soil. The samples were immediately immersed 
and sieved, no pre-wetting occurred. Wet sieving was 
completed on a sieving machine similar to the machine 
illustrated in Low (1954). The soil samples were immersed in 
water and sieved for 3 min at 130 cycles per min. Dry sieving 
was completed using a similar nest of sieves on a sieve shaker 
and processed for 5 min on 100 g air dry soil. Results were 
calculated using aggregate mean weight diameter (MWD) similar 
to the procedure outlined by Kemper and Rosenau (1986) 
although no pre-sieving occurred. The formula used to 
calculate MWD was; 
MffD= 23 XjW, 
i-l 
where: 
Xj= diameter of sieve opening 
Wj= proportion of sample retained on sieve x, 
n= number of sieves 
"Glues" of microbial and other origins have been suggested 
as mechanisms which hold aggregates together. It was 
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hypothesized that applying an additional external force to 
soil material would amplify the effects of these "glues". 
Artificial soil aggregates were created by mixing 28 g air-dry 
soil material from each treatment with 3 mL water, placed in a 
Carver press and subjected to 4 t of force. The round soil 
"pellets" were air dried and broken with an Instron to measure 
Joules of energy and Newtons of force required to break the 
pellets. 
Ergosterol and Hyphal Length 
Ergosterol analyses followed the method developed by Grant 
and West (1986). This modification of the assay developed by 
Seitz et al. (1979) provides a relatively fast assay for 
determining live fungal biomass by quantifying soil ergosterol 
content (West et al., 1987). 
Hyphal length was determined using the membrane filter 
technique (Hanssen et al., 1974). Soil (1 g) was added to 500 
mL of distilled and filtered water, then blended (Osterizer 
Pulsematic 14, Milwaukee, WI) at high speed for 1 min. A 1-
mL aliquot was removed while operating the blender at low 
speed and placed into a filtering apparatus. Black 
\ 
polycarbonate filters (25-mm diameter, 0.4 / x m ,  Poretics Corp, 
111 Lindbergh Ave., Livermore, CA 94550) were used with 25-mm 
polyester drain disks placed under the polycarbonate filters. 
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Vacuum was applied to filter the sample. Calcofluor white M2R 
(Sigma) fluorescent stain (l mL of 0.002 g mL"' distilled and 
filtered water) was expelled through a 0.2-pm syringe filter 
into the filtering apparatus and allowed to stand for at least 
1 min (West, 1988). Vacuum was applied to pull the stain 
through the filter. The filter was washed with five, 1-mL 
aliquots of water. The filters were removed, placed on glass 
slides, and placed onto a slightly warm hotplate for 
approximately 10 min to dry the filter prior to mounting the 
cover slips. Cover slips were mounted over the filters using 
immersion oil. Hyphal length was determined using 
epifluoresence microscopy (magnification was 400X) and a Nikon 
UV-IA filter cube on a Nikon microscope (Nikon Inc., Melville, 
NY). Hyphal length was calculated using the grid line 
intersect method developed by Olson (1950). 
Homogeneity of variance was analyzed with Box-Cox 
transformations (Box et al., 1978). Each significant (P<0.05) 
variable with heterogeneous variance was transformed with the 
appropriate Box-Cox transformation and analyzed with the 
appropriate analysis of variance. Least squares analysis of 
variance was used on treatments with missing samples. 
Treatment differences (P<0.05) were examined with planned 
contrasts. 
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RESULTS AND DISCUSSION 
Autoclaved soil was used to determine effects of crop 
residue on soil aggregation. The addition of ground alfalfa 
or reed canarygrass residue prior to autoclaving the silt loam 
parent material did not significantly increase aggregate 
stability as measured by wet or dry sieving (Table 3) with 
soils of either texture. Dry MWD decreased significantly 
(Table 3) in the silt loam parent material, with the greatest 
decreases in soils with reed canarygrass additions. This 
decrease in aggregation may be due to the residue physically 
interfering with the effective attachment of soil particles. 
These results indicate that residue, in the absence of an 
active microbial component, does not increase aggregation and, 
in fact, may be detrimental to soil structure. 
In the presence of Chaetomium sp., aggregation 
substantially increased (Table 4). Autoclaved soil inoculated 
with fungi had increased aggregation as measured by wet and 
dry MWD, with the exception of dry MWD of the silt loam parent 
material. The high silt content coupled with low organic C 
content may mask aggregation caused by fungi in the silt loam 
parent material. These results indicate the importance of 
fungi as mechanisms in soil aggregation. 
Figure 1 indicates that aggregate MWD did not increase 
when residues were added to the autoclaved silt loam parent 
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material but increased dramatically when residues were added 
and the soil inoculated with Chaetomium sp. There was a 
corresponding increase in hyphal length in inoculated 
treatments that included residue additions. Aggregate MWD and 
hyphal length was highest in treatments with alfalfa 
additions. However, soil ergosterol content was highest in 
treatments that received reed canarygrass additions. 
The addition of Chaetomium sp. to the Clarion soil with 
residue additions resulted in increased aggregate MWD in all 
treatments except those with reed canarygrass additions (Fig. 
2). There was a corresponding increase in hyphal length in 
inoculated treatments. Increases in ergosterol content 
parallel the increases in hyphal length. Residue additions to 
the autoclaved Clarion loam resulted in significant decreases 
in wet aggregate stability. 
Ergosterol and hyphal length measurements confirm that 
fungal growth occurred following inoculation of the samples 
(Tables 5 and 6). The silt loam parent material had increased 
ergosterol content and a doubling of hyphal length in the 
inoculated samples when compared with the uninoculated 
samples. However, these increases are much smaller than those 
found in the Clarion soil material. Addition of the fungal 
inoculum resulted in a nine-fold increase in hyphal length. 
Large increases in hyphal length following inoculation of the 
Clarion soil in treatments without alfalfa were observed 
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(Fig. 1). Autoclaving the Clarion soil may have liberated 
soil organic C which could serve as substrate for the fungal 
inoculum. 
Ergosterol extraction and hyphal length measurements of 
the Chaetomium sp. inocula indicated that each mL of inocula 
contained 1600 m of hyphae. Each meter of fungal hyphae 
contained 0.137 /itg of ergosterol. In this study, soil 
ergosterol content was used to estimate hyphal length and 
compared to measured values by direct microscopy using the 
membrane filter technique (Tables 5 and 6). Ergosterol is the 
predominant sterol of most fungi (Weete, 1973; Grant and West, 
1986; Davis and LaMar, 1992), correlates with fungal surface 
area (West et al., 1988), hyphal length (Matcham et al., 
1985), and is more sensitive than the chitin or extracellular 
laccase assays (Matcham et al., 1985; Seitz et al., 1979). 
Therefore, ergosterol may be a useful indicator of changes in 
the fungal portion of the soil microbial biomass (Eash et al., 
1993). 
Table 5 indicates that using ergosterol to estimate soil 
hyphal length in the silt loam parent material resulted in 
overestimating hyphal length from 135 to over 800%. Using 
this same method to estimate hyphal length in the Clarion 
samples resulted in underestimation of hyphal length from 4 to 
75%. Ergosterol content of fungi grown in the soil in 
contrast to those grown in laboratory cultures will differ. 
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possibly accounting for some of the error between predicted 
and measured values. Direct counts also measure both living 
and dead hyphae whereas ergosterol is an indicator of living 
fungal biomass (West et al., 1987). Ergosterol content in the 
silt loam parent material was very high (Table 5). It is 
unknown why soil ergosterol content would result in 
overestimating hyphal length in one soil and underestimating 
hyphal length on another soil in a controlled laboratory 
experiment. 
Inoculation of the autoclaved silt loam parent material 
resulted in a ten-fold increase in MWD of the soil aggregates 
(Table 5). Aggregate MWD of the well-aggregated Clarion soil 
material significantly increased with the addition of the 
fungal inoculum. The alfalfa and reed canarygrass residues 
contained fungi, evidenced by the increased hyphal length of 
soils with residue additions. Wet MWD increased significantly 
in the low C silt loam parent material when alfalfa or reed 
canarygrass was added to samples inoculated with Chaetomium 
sp. (Table 5). Table 5 indicates that residue additions 
result in decreased dry MWD where no fungal inoculum is added, 
whereas inoculation of the sample results in similar or 
increased aggregate MWD. Residue additions to the inoculated 
Clarion soil did not result in increased wet MWD; instead, 
significant decreases occurred where residue was added (Table 
6). The lack of available substrate in the silt loam parent 
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material may limit growth of the fungi; residue additions 
supply needed substrate that significantly increase growth and 
resultant aggregation increases. Overall, increases in either 
soil ergosterol content or hyphal length corresponded with 
increased wet MWD (Tables 5 and 6), suggesting fungal 
proliferation affects soil aggregation. 
The amount of force or energy to break the artificial 
aggregates with the Instron did not correlate with the other 
parameters measured in this study. The only significant 
correlation was Newtons of force and dry MWD with the Clarion 
soil material (Table 7). Yet this same comparison in Table 8 
with the silt loam parent material yielded opposite results. 
Differences in soil texture and organic matter content could 
account for the observed differences. Compression of the soil 
material with 4 tons of force may enhance the effectiveness of 
the soil organic matter or clay at stabilizing soil. 
Compression of the low C silt loam parent material did not 
increase the force required to break the soil pellets. 
Increases in wet and dry MWD were significantly correlated 
with increased hyphal length and soil ergosterol content on 
both soil materials (Tables 7 and 8), with the exception of 
ergosterol and dry MWD on the silt loam parent material. Soil 
texture and other properties intrinsic to each soil material 
may also explain the lack of correlation between these 
variables. 
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Freeze/thaw and wet/dry cycles did not significantly 
impact wet or dry MWD using autoclaved soil. Table 9 
indicates that autoclaved silt loam samples with and without 
added residues did not have increased aggregation after cycles 
of wetting/drying or freezing/thawing. 
Wetting and drying cycles did not impact aggregate MWD as 
measured by wet sieving of uninoculated Clarion loam samples 
regardless of residue treatment. However, there was a trend 
of decreased aggregation in all inoculated treatments 
following the wetting and drying cycles (Table 10). There was 
also a trend of decreased aggregation following cycles of 
freezing and thawing in all uninoculated treatments with 
slight increases in aggregation in inoculated treatments with 
residue added. 
The trends in Table 11 indicate that dry aggregate 
stability of the silt loam parent material increased following 
cycles of wet/dry in uninoculated treatments with residue 
additions but decreased in the no residue treatment. Dry MWD 
decreased in inoculated treatments following wet/dry cycles. 
Uninoculated treatments with residue added had increased MWD 
following freeze/thaw cycles and decreased MWD without residue 
added. Inoculated samples had similar MWD following 
freeze/thaw cycles when compared to the benchtop controls. 
The trends in Table 12 indicate that wet/dry cycles 
decreased dry MWD of uninoculated treatments without residue 
51 
and with reed canarygrass additions and increased dry MWD 
where alfalfa residue was added. Wet/dry cycles decreased dry 
MWD of inoculated treatments. Freeze/thaw cycles increased 
dry MWD of all uninoculated treatments, inoculated treatments 
without residue, and treatments with reed canarygrass added. 
Freeze/thaw cycles decreased aggregation of inoculated 
treatments with added alfalfa residue. 
Results from Tables 9-12 indicate that freezing, thawing, 
wetting, and drying cycles may contribute to partial aggregate 
breakdown, processes that are often described as aggregate-
forming (Paul and Clark, 1989; Russell, 1957). Utomo and 
Dexter (1981a) found that wetting and drying cycles decreased 
aggregate tensile strength due to the formation of micro-
cracks as a result of unequal swelling and shrinking. 
'Mellowing' is a term used by farmers to describe processes 
that result in soil becoming easier to till or manipulate into 
a suitable seedbed, especially after the soil has been abused 
by tilling too wet. Processes of freezing and thawing over 
winter decrease clod strength resulting in a more favorable 
tilth. Utomo and Dexter (1981b) use a similar term, 'tilth 
mellowing', to describe reductions in aggregate strength due 
to natural environmental processes. Processes attributed to 
aggregate formation in one research article are the same 
processes attributed to aggregate destruction in another 
article. In reality, both articles are probably correct 
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because a given process may cause aggregation at one size 
fraction while disrupting aggregates at another size fraction. 
To evaluate the contribution of the soil fungi to 
aggregation, aggregation measurements across all residue and 
freeze/thaw or wet/dry treatments were evaluated (Table 13). 
These treatments represent a wide range of variability that 
might be encountered in the field as a result of short- and 
long-term climatic perturbations. Pooling the data across 
treatments resulted in a significant increase in aggregation 
due to fungal inoculation containing Chaetomium sp. Numerous 
processes have been cited as structure- or aggregate-forming. 
This table clearly indicates that freeze/thaw and wet/dry 
processes are of minor importance without fungi present. 
Results from this experiment indicate that enhanced 
aggregation in soil following residue additions, as reported 
in other studies (Wilson and Browning, 1945; Oades, 1984), is 
caused by greater microbial biomass. Residue cover on the 
soil surface absorbs the energy of falling raindrops but, 
perhaps more importantly, provides substrate for the soil 
fungi in an aerobic environment (Holland and Coleman, 1987). 
Overall, the addition of fungal inoculum and subsequent 
increase in fungal biomass resulted in increased wet or dry 
MWD. The greatest percentage increase in aggregation as 
measured by wet MWD occurred when residues and fungal inoculum 
were added to the low C silt loam parent material. 
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Some studies have suggested that bacteria are the primary 
degraders of crop residues in systems where residues are 
buried whereas fungi are primary degraders where surface 
residue mulches are used (Doran, 1980; Holland and Coleman, 
1987; McCalla, 1946). They hypothesize that as residue cover 
decreases, substrate available to the fungi decreases, while 
substrate available to the bacteria increases. This 
hypothesis is based on observed shifts in soil microbial 
populations. Therefore, the increase in aggregate stability 
found when tillage decreases and residues are added could be 
the result of larger fungal populations. 
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CONCLUSIONS 
If soil aggregation cause and effect relationships were 
implied from past research data, tillage, rotation, or residue 
cover were often the likely reasons cited. This research does 
not dispute past observations; instead, it proposes that the 
organisms in the soil, i.e. fungi, are indeed the mechanism 
that causes aggregation in soils. Freeze/thaw and wet/dry 
cycles did not increase aggregation in this study. Similarly, 
addition of ground alfalfa or reed canarygrass to autoclaved 
soil did not increase aggregation suggesting that the 
mechanism by which crop residues increase aggregation is 
through stimulation of the fungal biomass. This experiment 
quantitatively supports the hypothesis expressed by Lynch and 
Bragg (1985) that the soil fungi play a major role in soil 
aggregation. In order to determine if there are shifts in the 
proportion of fungi in the microbial biomass, suitable 
chemical assays are needed which can quantitate the fungal 
portion of the microbial biomass. Quantifiable biochemical 
compounds intrinsic to fungi are important in delineating the 
fungal portion of the microbial biomass. Ergosterol, a sterol 
common to most fungi, may be a viable indicator of fungal 
biomass. As we strive for a more sustainable future for our 
agricultural systems, the interactions of fungi and soil 
management procedures are an important consideration. 
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Figure 1. Effect of no residue (None), Alfalfa, and reed 
canarygrass (RC) additions on aggregate MWD as 
measured by wet sieving, hyphal length, and 
ergosterol content on a silt loam parent material 
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Figure 2. Effect of no residue (None), alfalfa, and reed 
canarygrass (RC) additions on aggregate MWD as 
measured by wet sieving, hyphal length, and 
ergosterol content on a Clarion loam 
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Table 1. Texture of soil materials used in this experiment 
Soil Sand Silt Clay 
% % % 
Silt loam parent 5.5 78.2 16.3 
material 
Clarion 25.6 46.6 27.8 
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Table 2. Carbon and nitrogen content of soils and residues 
used in this study 
N C C:N Ratio 
g kg-' g kg-' 
Alfalfa 25.5 431.2 16.91 
Reed Canarygrass 20.9 391.2 18.72 
Clarion loam 1.94 20.4 10.53 
Silt loam parent material 0.46 1.41 3.08 
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Table 3. Effects of residue additions on soil aggregation 
using sterile soil without freeze/thaw or wet/dry 
treatments^* 
Residue added Wet MWD Dry MWD 
mm mm 
Silt loam parent material 
None 0.02a 1.21a 
Alfalfa 0.06a 0.41b 
Reed Canarygrass 0.04a 0.37b 
Clarion loam, A horizon 
None 3.32a 4.15a 
Alfalfa 2.78b 4.16a 
Reed Canarygrass 2.24b 3.37a 
^Data are means of three replicates 
*Means with the same Letter are not significantly different (P<0.05) using 
planned contrasts. Comparisons are between treatments of the same texture 
and method of aggregate stability determination 
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Table 4. Effect of Chaetomium sp. on soil aggregation. Data 
are means of three replicates 
Soil Inoculated Wet MWD Dry MWD 
Silt loam 
Silt loam 
No 
Yes 
0.02a+ 
0.22b 
1.21a 
1.21a 
Clarion loam 
Clarion loam 
No 
Yes 
3.22a 
4.43b 
4.15a 
5.17b 
^Means with the same letter are not significantly different (P<0.05). 
Comparisons are between inoculated and uninoculated treatments of the same 
texture and method of aggregate stability determination 
Table 5. Effect of residue and Chaetomium sp. additions on soil 
aggregation, hyphal length, and soil ergosterol content, 
silt loam parent material. Data are means of three replicates^ 
Residue Ergosterol Hyphal length 
measured 
Predicted 
hyphal length 
Difference Wet MWD Dry MWD 
P9 g"' m g: m g"' soil 
Control 
% mm mm 
None 0.00a 6.99a 0.00 NA* 0.02a 1.21a 
Alfalfa 0.00a 20.45a 0.00 NA 0.06a 0.41b 
Reed 
Canarygrass 
0.37a 19.89a 27.01 
Inoculated 
136 0.04a 0.37b 
None 0.79a 16.30a 57.66 354 0.22a 1.21a 
Alfalfa 11.41b 182.89b 832.85 455 1.88b 1.7 6a 
Reed 
Canarygrass 
13.38b 116.93b 976.64 835 1.29ab 1.09a 
^ Means with the same letter are not significantly different (P<0.05) using planned contrasts. 
Comparisons are within inoculation treatment 
* No ergosterol was measured in the sample 
Table 6. Effect of residue and Chaetomium sp. additions on soil 
aggregation, hyphal length, and soil ergosterol content, 
Clarion A horizon soil material^ 
Residue Ergosterol Hyphal length 
measured 
Predicted 
hyphal length 
Difference Wet MWD Dry MWD 
pg g ' m g' soil m g"' soil 
Control 
% mm mm 
None 0.07a 18.39a 5.11 -72 3.22a 4.15a 
Alfalfa 0.10a 29.56a 7.30 -75,31 2.78a 4.16a 
Reed 
Canarygrass 
0.50a 68.47a 36.50 
Inoculated 
-46.70 2.24a 3.37a 
None 1.54ab 157.29a 112.41 -28.53 4.43a 5.17a 
Alfalfa 3.06a 233.82a 223.36 -4.47 4.04ab 7.06a 
Reed 
Canarygrass 
1.37ab 169.54a 100.00 C
N O H 1 2.21b 5.73a m N 
+ Means with the same letter are not significantly different (P<0.05) using planned contrasts. 
Comparisons are within inoculation treatment 
Table 7. Correlation coefficients of variables on a Clarion loam A horizon with 
the effect of wet/dry and freeze/thaw cycles removed. Top number is 
correlation coefficient with probability at the 0.05 level 
listed underneath 
Hyphal length Ergosterol Newtons Joules DryMWD WetMWD 
Hyphal length 0.766+ 
<0.001 
0.241 
0.370 
-0.371 
0.157 
0.712 
0.001 
0-510 
0.031 
Ergosterol 0.129 
0-063 
-0.053 
0.846 
0.557 
0.016 
0.473 
0.047 
Newtons -0.422 
0.104 
0.518 
0.040 
-0.279 
0.296 
Joules -0.416 
0.109 
0.0370 
0.158 
DryMWD 0.482 
0.043 
WetMWD 
fusing ergosterol (E) to predict hyphal length (HL) over all treatments results in the following 
regression equations: 
Ordinary Least Squares Regression 
HL= 70.19E + 50.78 
= 0.455 
Error in Variables Regression (EVR), (David Meek, personal communication; Fuller, 1987) 
HL= 85-71E + 39.99 
R^ = 0.880 
The EVR method of regression adjusts for underestimation in the regression slope and coeficient 
of determination due to ergosterol (x) measurement error. The cycles of wet/dry and freeze/thaw 
skewed the data due to volatilization of ergosterol 
Table 8. Correlation coefficients of variables on a silt loam parent material with 
the effect of wet/dry and freeze/thaw cycles removed. Top number is 
correlation coefficient with probability at the 0.05 level listed 
underneath 
Hyphal length Ergosterol Newtons Joules DryMWD WetMWD 
Hyphal length 0.614? 
<0.007 
0.054 
0.831 
0.235 
0.348 
0.481 
0.043 
0.817 
0.0001 
Ergosterol 0.266 
0.286 
-0.011 
0.965 
0.190 
0.450 
0.856 
0.0001 
Newtons 0.518 
0.028 
-0.007 
0.980 
0.025 
0.922 
Joules 0.296 
0.232 
0.039 
0.879 
DryMWD 0.408 
0.092 
WetMWD 
%sing ergosterol (E) to predict hyphal length (HL) over all treatments results in the following 
regression equations: 
Ordinary Least Squares Regression 
HL= 7.51E + 32.63 
= 0.455 
Error in Variables Regression (EVR), (David Meek, personal communication; Fuller, 1987) 
HL= 11.32E + 19.11 
R^= 0.686 
The EVR method of regression adjusts for underestimation in the regression slope and coeficient 
of determination due to ergosterol (x) measurement error. The cycles of wet/dry and freeze/thaw 
skewed the data due to volatilization of ergosterol 
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Table 9. Aggregate mean weight diameter (mm) of silt 
loam parent material as affected by freeze/thaw 
cycles, wet/dry cycles, and residue as determined 
by wet aggregate stability. Data are means of 
three replicates 
Added residue^ Inoculated* Control' Wet/dry Freeze/thaw 
mm mm mm 
None No 0.02a' 0.03a 0.02a 
None Yes 0.22a 0.02b 0.28a 
Alfalfa No 0.06a 0.03ab 0.02b 
Alfalfa Yes 1.88a 0.49b 0.52b 
Reed 
Canarygrass 
No 0.04ab 0.05a 0.03b 
Reed 
Canarygrass 
Yes 1.29a 0.67a 1.55a 
^2 g of residue was added prior to autoclaving; control treatment had 
no added residue. 
^Samples were either inoculated with Chaetomlum sp. or were sterile 
controls. 
'control samples were stored at room temperature; freeze-thaw and 
wet-dry samples were subjected to eight hours of their respective 
treatment on three consecutive days. 
'Means with the same letter are not significantly different (P<0.05). 
Comparisons are between wet/dry, freeze/thaw, and benchtop control 
treatments having the same residue and inoculation treatment. 
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Table 10. Aggregate mean weight diameter (mm) of a Clarion 
loam as affected by freeze/thaw cycles, wet/dry 
cycles, and residue as determined by wet aggregate 
stability. Data are means of three replicates 
Added residue^ Inoculated* Control* Wet/dry Freeze/thaw 
mm mm mm 
None No 3.22a' 3.31a 2.58a 
None Yes 4.43a 3.80a 3.97a 
Alfalfa No 2.78a 3.09a 1.72a 
Alfalfa Yes 4.04a 3.49a 4.30a 
Reed 
Canarygrass 
No 2.24ab 3.15a 0.90b 
Reed 
Canarygrass 
Yes 3.27a 2.81a 3.59a 
^2 g of residue was added prior to autoclaving; control treatment had 
no added residue. 
^Samples were either inoculated with Chaetomium sp. or were sterile 
controls. 
'Control samples were stored at room temperature; freeze-thaw and 
wet-dry samples were subjected to eight hours of their respective 
treatment on three consecutive days. 
'Means with the same letter are not significantly different (P<0.05). 
Comparisons are between wet/dry, freeze/thaw, and benchtop control 
treatments having the same residue and inoculation treatment. 
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Table 11. Aggregate mean weight diameter (mm) of a silt 
textured material affected by freeze/thaw cycles, 
wet/dry cycles, and residue as determined by dry 
aggregate stability. Data are means of three 
replicates 
Added residue^ Inoculated* Control* Wet/dry Freeze/thaw 
mm mm mm 
None No 1.21a' 0.63a 0.93a 
None Yes 1.21a 0.72a 1.41a 
Alfalfa No 0.41a 0.52a 1.11a 
Alfalfa Yes 1.76a 1.02a 1.79a 
Reed 
Canarygrass 
No 0.37a 0.64a 0.52a 
Reed 
Canarygrass 
Yes 1.09a 0.65a 1.06a 
^2 g of residue was added prior to autoclaving; control treatment had 
no added residue. 
^Samples were either inoculated with Chaetomium sp. or were sterile 
controls. 
'Control samples were stored at room temperature; freeze-thaw and 
wet-dry samples were subjected to eight hours of their respective 
treatment on three consecutive days. 
^Means with the same letter are not significantly different (P<0.05). 
Comparisons are between wet/dry, freeze/thaw, and benchtop control 
treatments having the same residue and inoculation treatment. 
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Table 12. Aggregate mean weight diameter (mm) of a Clarion 
loam as affected by freeze/thaw cycles, wet/dry 
cycles, and residue as determined by dry aggregate 
stability. Data are means of three replicates 
Added residue^ Inoculated* Control' Wet/dry Freeze/thaw 
mm mm mm 
None No 4.15a' 4.05a 5.72a 
None Yes 5.17a 3.16a 6.64a 
Alfalfa No 4.16a 5.63a 5.69a 
Alfalfa Yes 7.06a 5.76a 6.23a 
Reed 
Canarygrass 
No 3.37a 1.67a 4.17a 
Reed 
Canarygrass 
Yes 5.73ab 3.15a 6.83b 
^2 g of residue was added prior to autoclaving; control treatment had 
no added residue. 
^Samples were either inoculated with Chaetomlum sp. or were sterile 
controls. 
'Control samples were stored at room temperature; freeze-thaw and 
wet-dry samples were subjected to eight hours of their respective 
treatment on three consecutive days. 
'Means with the same letter are not significantly different (P<0.05). 
Comparisons are between wet/dry, freeze/thaw, and benchtop control 
treatments having the same residue and inoculation treatment. 
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Table 13. Effect of Chaetomium sp. on soil aggregation across 
all treatments. Data are means of 27 samples 
Soil Inoculated Wet MWD Dry MWD 
mm mm 
Silt loam No 0.03a+ 0.77a 
Silt loam Yes 0.77b 1.19b 
LSDgoj^O • 20 LSDO.O5~0 .34 
Clarion loam No 2.55a 4.29a 
Clarion loam Yes 3.75b 5.62b 
LSDg.oj—0.41 LSDooj^O .87 
^Means with the same letter are not significantly different (P<0.05) by 
calculating LSD 
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PAPER III. EVALUATION OF POTENTIAL SOIL QUALITY INDICATORS 
AS A FUNCTION OF TILLAGE AND RESIDUE MANAGEMENT 
75 
INTRODUCTION 
Soil aggregation measurements are often used as a means to 
estimate potential soil erodibility caused by rainfall or wind 
(Chepil, 1941) and have recently been promoted as a potential 
soil quality indicator (Karlen et al., 1992). Numerous 
processes contributing to the formation of soil aggregates 
have been suggested in the literature. These include plant 
roots, fungal hyphae, repeated cycles of wetting and drying or 
freezing and thawing, microbial "glues", soil organic matter 
and C, soil clay, van der Waals forces, anionic and cationic 
attractions and repulsions, and soil shrinking and swelling 
(Jastrow and Miller, 1991; Tisdall and Oades, 1982). 
Chapters 1 and 2 of this dissertation evaluated the 
mechanistic relationships of Chaetomium sp., two crop residues 
(alfalfa and reed canarygrass), and the effects of cycles of 
freeze/thaw and wet/dry on soil aggregation. Results from 
those studies indicated that crop residues and cycles of 
wet/dry or freeze/thaw were not the primary mechanisms 
responsible for increased soil aggregation. However, 
inoculation of autoclaved soil with Chaetomium sp. resulted in 
increased aggregation, suggesting that the fungal component of 
the soil biomass was an important mechanism during the 
formation of stable aggregates. 
Methods to quantify fungal biomass include direct 
microscopy and quantitation of hyphal length, soil enzyme 
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activities, selective inhibition, and soil DNA measurements. 
Problems intrinsic to each method preclude wide utilization of 
fungal biomass determinations. In this study, ergosterol was 
used to estimate fungal biomass. Ergosterol is a sterol 
common to most fungi (Davis and LaMar, 1992/ Grant and West, 
1986; Weete, 1973), is an indicator of live fungal biomass 
(West et al., 1987), and correlates with fungal surface area 
and hyphal length (Matcham et al., 1985; West et al., 1987). 
Positive correlations between soil ergosterol concentration 
and hyphal length in Chapters 1 and 2 indicate that ergosterol 
measurements can be used to estimate soil fungal biomass. 
To determine if the mechanistic processes elucidated in 
the laboratory experiments were evident under field 
conditions, three long-term soil and crop management research 
sites in Iowa and Wisconsin were sampled and relationships 
between fungal biomass, microbial biomass, and soil 
aggregation were evaluated. 
These field evaluations were conducted in cooperation with 
Jim Jordahl and Dr. Sally Logsdon. Portions of this data 
appear elsewhere in the literature (Jordahl, 1991; Karlen et 
al., 199_a; Karlen et al., 199_b). The critical aspects added 
by this dissertation work included quantitatively determining 
microbial biomass and respiration, evaluating the use of an 
ergosterol assay as an estimator of fungal biomass, and 
assessing the utility of these measurements as potential soil 
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quality indicators for evaluating soils in field studies. 
Specific soil physical and chemical properties for each site 
are included in Appendix A. 
Field studies at the I. S. U. farms at Nashua and Ames 
were planned and designed in cooperation with Jim Jordahl to 
evaluate some of the research methods we developed. Sampling 
at Nashua was designed to coincide with infiltration 
measurements conducted by Dr. Logsdon. Part of the data 
collected from this sampling (wet aggregate stability and 
turbidity) is being published by Dr. Logsdon (S. Logsdon, 
personal communication). The study site at Lancaster, WI was 
evaluated in cooperation with research scientists at the 
University of Wisconsin and the National Soil Tilth Lab (USDA-
ARS, Ames, lA). This data is being included in two 
manuscripts that are currently under review for publication. 
The primary objective of these field studies was to 
evaluate the fungal contribution to soil aggregation in a 
field setting. A secondary objective was to determine 
potential soil quality indicators by evaluating total N and C, 
microbial biomass and respiration, ergosterol, and aggregation 
of the 1- to 4-mm fraction of the bulk soil by turbidity and 
wet sieving. Potential soil quality indicators would be 
sensitive to changes in management practices. 
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MATERIALS AND METHODS 
Research Sites 
Nashua, Iowa 
In 1977, a tillage study evaluating ridge-tillage (RT), 
no-tillage (NT), chisel plowing (CH), and moldboard plowing 
(PL) was initiated at the Northeast Iowa Research Farm. These 
tillage methods were incorporated into a factorial design with 
three replications using two crop rotations (continuous corn 
(Zea mays L.) and corn-soybean (Glycine max)). Soil samples 
were collected on June 18, 1991 on areas mapped Kenyon loam 
(fine-loamy, mixed, mesic Typic Hapludolls). 
Ames, Iowa 
Tillage plots at the Iowa State University Agronomy and 
Agricultural Engineering Research Farm were established in 
1975 (Don Erbach, personal communication). Tillage methods 
evaluated included chisel plowing (CH), fall moldboard plowing 
(PL), spring disking (DISK), ridge-tillage (RT), and no-
tillage (NT) planting into established ridges on a continuous 
corn cropping rotation. Areas mapped Clarion loam (fine-
loamy, mixed, mesic Typic Hapludolls) were sampled on June 17, 
1991. 
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Lancaster, Wisconsin 
Tillage plots that were established in 1979 for a 
continuous corn rotation at the University of Wisconsin 
experimental farm near Lancaster, WI were also sampled. 
Tillage methods that were evaluated included moldboard plowing 
(PL), chisel plowing (CH), and no-tillage (NT). The 
predominant soils at the site were Rozetta and Palsgrove silt 
loams (fine-silty, mixed, mesic Typic Hapludalfs). These 
soils developed in 0.6- to 1.5-m loess over limestone and 
sandstone residuum. Slopes are north facing and range in 
slope from 10 to 13%. The soils were sampled in early May 
1991. 
Ten-year residue management effects were also evaluated 
for no-till treatment at Lancaster. Treatments were imposed 
by removing the corn stalk residue from some of the plots and 
placing the residue onto other plots for 10 years prior to 
this sampling. These practices created a no-tillage 
comparison without residue cover (NT-0 RES), with normal 
residue cover (NT), and with double residue (NT-2X RES) cover. 
Sampling Methodology 
Samples for water-stable aggregates and biological assays 
(microbial biomass, respiration, and ergosterol) were 
collected from the crop row by excavating a 15 by 15 cm hole 
to à depth of 5 cm. Four samples were taken and bulked at 
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Ames and Nashua. Three days prior to sampling, the Lancaster 
site had been seeded to alfalfa (Medicago sativa) with a no-
till drill. A subsample for wet aggregate stability was 
sieved in the field to obtain 1- to 4-mm aggregates. The rest 
of the sample was forced through a 4-mm sieve and placed in a 
cooler. Samples stored for biological assays were kept at 4° 
C until analyzed (approximately 4 weeks). 
Laboratory Analyses 
Aggregate stability measurements were based on the 1- to 
4-mm fraction of the bulk soil. The method of Kemper and 
Rosenau (1986) was used to determine wet aggregate stability 
for macroaggregates by wet sieving using 0.26-mm sieves. 
Microaggregate stability (turbidity) was determined using the 
turbidimetric method of Williams et al. (1966). Results of 
the turbidimetric method are presented as the logarithm of the 
percentage light transmitted, indicating that samples with low 
values (log %T) were less stable. Microbial biomass and 
respiration were determined by the fumigation-incubation 
method (Jenkinson and Powlson, 1976) using a K factor of 0.5. 
Respiration values are the mg COj-C respired during the 10- to 
20-d incubation period from unfumigated samples following the 
protocol of Jenkinson and Powlson (1976). Ergosterol content 
was determined by the modified method developed by Grant and 
West (1986; see Chapter 1). Total N and C were determined by 
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dry combustion on a Carlo Erba NA 1500 CNS analyzer. 
Particle-size was determined by the pipette method (Walter et 
al., 1978) for the Lancaster site and by the hydrometer method 
(Gee and Bauder, 1986) for the Ames and Nashua sites. Due to 
the limited number of samples in these data sets, regression 
coefficients are not included on most figures. Other Figures 
and Tables relating to this study can be found in Appendix A. 
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RESULTS AND DISCUSSION 
Relationships between the microbial biomass pool and 
aggregate stability were evaluated at all sites. At the 
Nashua site (Fig. 1) under continuous corn, turbidimetric 
determinations of microaggregate stability show a clearer 
relationship between increased microbial biomass size and 
aggregate stability than wet-sieving measurements of 
macroaggregate stability. As tillage intensity increases, 
both aggregate stability and microbial biomass decrease. This 
response was consistent with the literature which indicates 
that as tillage intensity increases, oxidation of soil organic 
matter also increases due to exposure of protected organic 
matter to microbial degradation (Bauer and Black, 1981; 
Tisdall and Oades, 1980). The short-term effect of increased 
tillage intensity is more substrate available to soil 
microorganisms following soil disturbance. The long-term 
effect of increased tillage intensity is lower soil C levels 
(Karlen et al., 1992) and decreased substrate available to 
microorganisms. 
Results from the corn-soybean rotation at Nashua showed 
that as microbial biomass increased, or as tillage intensity 
decreased, micro- and macroaggregate stability increased. 
This same trend was found at Lancaster where tillage and 
residue management affected both aggregate stability and 
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microbial biomass. No-till (NT) treatments with double (NT-2X 
RES) residue had the highest microbial biomass and aggregate 
stability, while the no-till treatment with residue removal 
(NT-0 RES) had values similar to plow (PL) and chisel (CH) 
treatments where tillage intensity was much greater. These 
field studies suggest that C additions to soil under low 
tillage intensity can increase microbial biomass with a 
corresponding increase in aggregate stability and, conversely, 
the loss of soil C results in decreased aggregate stability. 
The Lancaster data show that even with crop residue removal 
(NT-0 RES), decreased tillage intensity resulted in small 
increases in microbial biomass and aggregate stability when 
compared with moldboard plowing (PL). 
The DISK treatment at the Ames site had high aggregate 
stability and microbial biomass values but these values were 
not significantly different from NO-TILL (Table l). Microbial 
biomass values for the PL treatment were significantly lower 
than for all other treatments. There were no statistically 
significant differences in micro- and macroaggregate stability 
measures between tillage treatments (Table 1) with the 
exception of the ridge-till treatment which had significantly 
lower macroaggregate stability as measured by wet sieving. 
Although the objective in establishing this tillage study 
at the Ames site was to evaluate the effects of long-term 
tillage on soil properties, soil management practices at this 
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site have not been consistent with this objective. All of the 
plots were disked and limed in 1987. Early weed control on 
all plots consists of multiple passes with a rotary hoe. All 
plots were cultivated at least twice during the growing 
season, sometimes three times if there was a persistent weed 
problem. Plots with conventional tillage were ridged if there 
was a severe weed control problem. These ridges were removed 
the next year. These practices make interpretation of long-
term tillage effects on soil properties elusive. 
The relationship between aggregate stability and 
respiration values is not well defined at all sites and 
tillage practices (Fig. 2). Respiration values are often used 
to determine microbial activity (Anderson, 1982). Results 
from the Nashua continuous corn rotation do not indicate a 
clear relationship between decreasing tillage intensity and 
increasing aggregation and respiration values. However, low 
rates of respiration were found in treatments with intensive 
tillage (PL) and higher rates of respiration were measured 
where tillage intensity is low (NT). Both aggregate stability 
and turbidity values follow the trends in respiration with the 
exception of the Ames site. This trend suggests that as the 
activity of the microbial biomass increases there is a 
corresponding increase in both macro- and microaggregate 
stability, possibly indicating a temporal effect on 
aggregation. However, without greater numbers of samples, it 
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is difficult to determine if this trend is significant. 
A primary objective of both this study and dissertation 
was to determine if increased fungal biomass values as 
estimated by soil ergosterol correspond with increased 
aggregate stability. Macroaggregate stability values in 
Figure 3 indicate a clear relationship between ergosterol 
content and macroaggregate stability, with the exception of 
the Nashua site (continuous corn). Corresponding increases in 
microaggregate stability (Fig. 3) and ergosterol values 
suggest a possible relationship between increased fungal 
biomass and microaggregate stability. These results would 
support the conceptualized model of Tisdall and Oades (1982) 
where fungal hyphae impact the stability of smaller 
aggregates. However, results from Chapter 2 found increased 
aggregate stability of larger aggregates as a result of fungal 
inoculation occurs as well. 
As the microbial portion of the total soil C pool 
increased in size at the Nashua site, trends in turbidity 
values suggested greater microaggregate stability (Fig. 4). 
This trend was not as evident at either Lancaster or Ames. 
The incongruities between tillage descriptors and tillage 
intensity at the Ames site may have masked potential changes 
in soil C values. Turbidity and aggregate stability values at 
the Lancaster site do not follow a specific trend when plotted 
against the microbial portion of the total soil C pool. 
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The ratio of ergosterol to microbial biomass was 
determined in order to evaluate the effect of increased fungal 
biomass on soil aggregate stability. A larger 
ergosterol/microbial biomass ratio indicates that the size of 
the fungal portion of the microbial biomass is larger. In 
Figure 5 there does not appear to be a relationship between 
increased fungal biomass and macroaggregate stability. 
However, as the fungal portion of the microbial biomass 
becomes larger as estimated by a larger ergosterol/microbial 
biomass ratio, there was a corresponding increase in 
microaggregate stability at the Nashua (continuous corn) and 
Ames sites. This trend was not evident at the other sites. 
Greater soil ergosterol values corresponded to higher 
microbial biomass and respiration (Fig. 6). The relationship 
between ergosterol content and respiration values suggests 
that ergosterol is an important indicator of living fungal 
biomass, similar to results by other researchers (Davis and 
LaMar, 1992; West et al., 1987). Likewise, as the size of the 
microbial biomass pool increases there will likely be a 
corresponding increase in the fungal biomass pool. 
The ratio of respiration to microbial biomass gives an 
indication of the size of the active fraction of the microbial 
biomass. Determining the ratio of ergosterol to microbial 
biomass indicates the relative fungal portion of the microbial 
biomass. Figure 7 suggests that the plow (PL) treatment 
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(Nashua site, continuous corn rotation) was dominated by non-
fungal activity because larger respiration to microbial 
biomass ratios correspond with decreased ergosterol to 
microbial biomass ratios. The elevated respiration rates at 
the Ames and Lancaster sites correspond with higher fungal 
biomass levels, indicating that the total microbial biomass 
pool was supporting high fungal activity. There does not 
appear to be a distinct relationship between increases in the 
microbial portion of the soil C pool and increases in the 
fungal portion of the microbial biomass in these long-term 
field studies. 
There was no clear relationship between 
respiration/microbial biomass ratio and total N or C (Fig. 8). 
The respiration/microbial biomass ratio decreased as tillage 
intensity decreased at the Nashua site. This trend was 
reversed at the Lancaster and Ames sites suggesting that these 
relationships are site-specific and determined by field 
management practices. 
A secondary objective was to determine if long-term 
tillage practices affected selected soil properties. Tillage 
practices impacted aggregate stability. NO-TILL treatments 
had significantly higher aggregate stability values in the 
continuous corn rotation (Table 2) as measured by wet sieving. 
Although there were no significant differences in 
macroaggregate stability (Table 3) in the corn-soybean 
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rotation, there is a trend of decreasing aggregate stability 
as tillage intensity increases. This same trend is evident in 
Table 4, which also indicates that residue management impacts 
micro- and macroaggregate stability. As residue additions 
increase from the NT treatment with normal residue additions 
to the NT-2X RES treatment with double residue, there was a 
corresponding increase in macroaggregate stability (Table 4). 
Results from all sites, except the Nashua continuous corn 
treatment (Tables 1 to 4), indicate that total N and C values 
increase as tillage intensity decreases, similar to other 
research results cited in Karlen et al. (1992). 
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CONCLUSIONS 
The primary objective of this study was to evaluate the 
fungal contribution to soil aggregation in a field setting. 
The relative size of the fungal biomass was estimated using 
the ergosterol assay. The results of this study indicated 
that tillage and residue management definitely affected the 
physical and biological properties measured, but magnitude 
differed substantially. 
Measuring aggregation by turbidity or wet sieving of the 
1- to 4-mm fraction of the bulk soil resulted in trends in the 
data that may be intrinsic to the method used. Limiting 
aggregation measurements to one particular sieve size (0.26 
mm) and to a particular aggregate fraction of the bulk soil 
may mask other aggregating processes occurring in other 
aggregate fractions in the soil. 
The limited numbers of samples collected at only one point 
in time, coupled with large temporal changes in biological and 
physical properties, suggest that the probability of finding a 
single indicator linking fungal activity to aggregate 
stability at all field sites is extremely low. Trends exist 
in the data suggesting fungal contributions to soil 
aggregation, but specific relationships could not be defined 
for each field site. Statistical power to resolve differences 
between field sites is dependent on either low variability or 
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increased numbers of samples. This study had both high 
variability and few samples resulting in limited statistical 
power to resolve differences between tillage treatments. 
Site selection and actual management practices may have 
preempted conclusive results. Tillage descriptors must match 
tillage practices if the impact of tillage intensity on 
aggregate stability is to be assessed. This complication 
encountered with many field sites was a primary reason that 
Singh et al. (1992) initiated development of a tilth index. 
Adding soil biological factors to that index is known to be 
critical. Unfortunately, the sites selected for these 
evaluations were not carefully evaluated prior to sampling. 
Increases in fungal biomass corresponded with increased 
aggregate stability. These results confirm that soil fungi 
are important mechanisms in soil aggregation. As the 
microbial biomass portion of the total soil C pool increases, 
aggregate stability increases. As the intensity of tillage 
decreases from moldboard plowing to no-tillage, the microbial 
portion of the total C pool appears to increase with a 
corresponding increase in micro- and macroaggregate stability. 
This study indicates that residue management and tillage 
practices determine soil biological properties. As biological 
properties changes there was a corresponding change in soil 
physical properties. Trends in soil aggregation data suggest 
that soil aggregation increased as tillage intensity 
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decreased. At all sites except Ames, the long-term effect of 
decreasing tillage intensity was an increase in the size of 
the microbial biomass pool. Crop residue additions under 
field conditions (non-sterile) supported a larger microbial 
biomass pool resulting in increased aggregation. The results 
of this study confirm that soil management practices 
significantly affect the long-term quality of soils in our 
agricultural systems. 
Figure 1. Relationship between microbial biomass and macro-* 
(top) and microaggregate (bottom) stability measures 
at Lancaster (continuous corn rotation), Nashua 
(continuous corn and corn-soybean rotations) and 
Ames (continuous corn rotation). Relationships were 
evaluated under tillage and residue management 
systems including no-till (NT), no-till without 
residue (NT-0 RES), no-till with double residue (NT-
ax RES), ridge-till (RT), chisel (CH), disk (DISK), 
and moldboard plowing (PL). Comparison of tillage 
descriptors between sites was not possible due to 
variations in tillage intensity in treatments using 
the same descriptor. 
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Figure 2. Relationship between amount of CO^-C respired over 
a ten day period and macro- and microaggregate 
stability measures at Lancaster (continuous corn 
rotation), Nashua (continuous corn and corn-soybean 
rotations) and Ames (continuous corn rotation). 
Relationships were evaluated under tillage and 
residue management systems including no-till (NT), 
no-till without residue (NT-0 RES), no-till with 
double residue (NT-2X RES), ridge-till (RT), chisel 
(CH), disk (DISK), and moldboard plowing (PL). 
Comparison of tillage descriptors between sites was 
not possible due to variations in tillage intensity 
in treatments using the same descriptor. 
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Figure 3. Relationship between soil ergosterol content and 
macro- and microaggregate stability measures at 
Lancaster (continuous corn rotation), Nashua 
(continuous corn and corn-soybean rotations) and 
Ames (continuous corn rotation). Relationships 
were evaluated under tillage and residue 
management systems including no-till (NT), no-till 
without residue (NT-0 RES), no-till with double 
residue (NT-2X RES), ridge-till (RT), chisel (CH), 
disk (DISK), and moldboard plowing (PL). 
Comparison of tillage descriptors between sites 
was not possible due to variations in tillage 
intensity in treatments using the same descriptor. 
Ergosterol (ug/g soil) Ergosterol (ug/g soil) 
Figure 4. Relationship between percentage soil C in the 
microbial biomass and macro- and microaggregate 
stability measures at Lancaster (continuous corn 
rotation), Nashua (continuous corn and corn-
soybean rotations) and Ames (continuous corn 
rotation). Relationships were evaluated under 
tillage and residue management systems including 
no-till (NT), no-till without residue (NT-0 RES), 
no-till with double residue (NT-2X RES), ridge-
till (RT), chisel (CH), disk (DISK), and moldboard 
plowing (PL). Comparison of tillage descriptors 
between sites was not possible due to variations 
in tillage intensity in treatments using the same 
descriptor. 
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Figure 5. Relationship between the ratio of ergosterol to 
microbial biomass and macro- and raicroaggregate 
stability at Lancaster (continuous corn rotation), 
Nashua (continuous corn and corn-soybean 
rotations) and Ames (continuous corn rotation). 
Relationships were evaluated under tillage and 
residue management systems including no-till (NT), 
no-till without residue (NT-0 RES), no-till with 
double residue (NT-2X RES), ridge-till (RT), 
chisel (CH), disk (DISK), and moldboard plowing 
(PL). Comparison of tillage descriptors between 
sites was not possible due to variations in 
tillage intensity in treatments using the same 
descriptor. 
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Figure 6. Relationship between soil ergosterol content and 
microbial biomass (top) and mg COg-C respired over 
a 10 day incubation period (bottom) at Lancaster 
(continuous corn rotation), Nashua (continuous 
corn and corn-soybean rotations) and Ames 
(continuous corn rotation). Relationships were 
evaluated under tillage and residue management 
systems including no-till (NT), no-till without 
residue (NT-0 RES), no-till with double residue 
(NT-2X RES), ridge-till (RT), chisel (CH), disk 
(DISK), and moldboard plowing (PL). Comparison of 
tillage descriptors between sites was not possible 
due to variations in tillage intensity in 
treatments using the same descriptor. 
Ergosterol (ug/g soil) 
Figure 7. Relationship between the respiration to microbial 
biomass ratio (top), and the percentage soil C in 
the microbial biomass (bottom), to the ergosterol 
to microbial biomass ratio at Lancaster 
(continuous corn rotation), Nashua (continuous 
corn and corn-soybean rotations) and Ames 
(continuous corn rotation). Relationships were 
evaluated under tillage and residue management 
systems including no-till (NT), no-till without 
residue (NT-0 RES), no-till with double residue 
(NT-2X RES), ridge-till (RT), chisel (CH), disk 
(DISK), and moldboard plowing (PL). Comparison of 
tillage descriptors between sites was not possible 
due to variations in tillage intensity in 
treatments using the same descriptor. 
105 
Kaahua Corn LancaiUr 
KT-ZX us 
Nashua Corn**Soybean 
r«0.9fl 
-y»7.4ex + 1.71 
Ames 
J L 
Ergosterol/Microbial Biomass Ratio 
i.i 
3.0 
3.5 
2.0 
1.5 
10 
0.Ï 
0.0 
JO 
2.S 
Nashua Corn 
NT 
o 
% 
Lancaster 
NT-ax 
CH 
NT 
o 
Nashua Corn-Soybean 
BTO ^ 
% 
Ames 
S 
Ergosterol/Microbial Biomass Ratio 
Figure 8. Relationship between respiration/microbial biomass 
ratio and soil total N (top) and total C (bottom) 
at Lancaster (continuous corn rotation), Nashua 
(continuous corn and corn-soybean rotations) and 
Ames (continuous corn rotation). Relationships 
were evaluated various tillage and residue 
management systems including no-till (NT), no-till 
without residue (NT-0 RES), no-till with double 
residue (NT-2X RES), ridge-till (RT), chisel (CH), 
disk (DISK), and moldboard plowing (PL). 
Comparison of tillage descriptors between sites 
was not possible due to variations in tillage 
intensity in treatments using the same descriptor. 
Respiration/Microbial Biomass Ratio Respiration/Microbial Biomass Ratio 
Table 1. Tillage system effects on selected soil biological and physical 
measures at the I.S.U. Agronomy Farm, Ames, lA 
Tillage Wet aggregate 
stability 
Microbial Respiration' 
biomass' 
Ergosterol' Total N Total C 
Wet 
sieve^ 
Turbidity 
% log %T mg C/kg soil pg g"' g kg"' 
DISK 77.5 1.66 720 192 4.0ab^ 2.4 32 
CHISEL 73.2 1.55 690 141 2.3bc 2.2 30 
NO-TILL 73.1 1.63 752 224 6.2a 2.4 33 
RIDGE-
TILL 
67.0 1.63 618 177 4.3ab 2.0 27 
PLOW 70.6 1.53 322 47 1.1c 1.7 24 
LSD 
(0.05) 
8.9 0.14 150 79 0.4 6.6 
P > F 
(0.05) 
0.20 0.26 0,0001 0.003 0.02 0.03 
^percent of aggregates from the 1- 4 mm fraction >0.26 mm. 
*log of percent light transmitted. 
'microbial biomass based on COj-C respired. 
^microbial respiration based on CO^-C respired over a ten day incubation, 
^due to missing samples, data presented as means only. 
^due to missing samples, a two-sided t test was used. 
Table 2. Tillage system effects on selected soil biological and physical 
measures on soil sampled from a continuous corn rotation at Nashua, lA 
Tillage Wet aggregate 
stability 
Microbial 
biomass* 
Respiration' Ergosterol' Total N Total C 
Wet 
sieve^ 
Turbidity* 
% log %T mg C/kg soil ug g-' g kg ' 
NO-TILL 80.4 1.71 428 118 7.2 1.2 15 
RIDGE-TILL 71.4 1.65 336 60 8.4 1.6 22 
CHISEL 60.4 1.51 432 107 4.6 1.9 28 
PLOW 69.3 1.45 102 37 1.0 1.3 17 
LSD (0.05) 5.6 0.12 202 54 0.7 11 
P > F 
(0.05) 
0.006 0.02 0.04 0.04 0.12 
o
 
O
 
^percent of aggregates from the 1- 4 mm fraction >0.26 mm. 
*log of percent light transmitted. 
Microbial biomass based on COj-C respired. 
^microbial respiration based on COg-C respired over a ten day incubation, 
''due to missing samples, data are presented as means only. 
Table 3. Tillage system effects on selected soil biological and physical 
measures on soil sampled from a corn-soybean rotation at 
Nashua, lA 
Tillage Wet aggregate 
stability 
Microbial 
biomass' 
Respiration' Ergosjf;erol Total 
N 
Total 
c 
Wet 
sieve^ 
Turbidity* 
% log %T mg C/kg soil ug g ' g kg 
NO-TILL 74.1 1.69 482 122 5.0 1.5 25 
RIDGE-TILL 71.6 1.68 372 86 3.1 1.5 20 
CHISEL 60.8 1.46 284 65 2.2 1.4 19 
PLOW 62.1 1.38 164 40 1.5 1.3 17 
LSD (0.05) 18.6 0.29 120 46 0.4 6.5 
P > F 0.22 0.09 0.01 0.04 0.36 0.09 
(0.05) 
^percent of aggregates from the 1- 4 mm fraction >0.26 mm. 
*log of percent light transmitted. 
'microbial biomass based on COj-C respired. 
^microbial respiration based on CO^-C respired over a ten day incubation, 
"due to missing samples, data presented as means only. 
Table 4. Tillage and crop residue management effects on selected soil 
biological and physical measures at Lancaster, WI 
Tillage Wet aggregate 
stability 
Microbial 
biomass' 
Respiration' Ergosterol' Total N Total C 
Wet 
sieve^ 
Turbidity* 
% log %T mg C/kg soil ug g ' g kg ' 
NO-TILL 45.9 1.36 696 352 8.0 2.1 24 
CHISEL 33.9 1.04 394 139 3.1 1.5 16 
PLOW 35.9 0.97 260 74 2.9 1.2 11 
LSD 
(0.05) 
NS 0.21 276 114 3.7 0.2 4 
REMOVAL^ 41.9 1.30 330 64 1.7 1.5 16 
NORMAL 45.9 1.36 696 352 8.0 2.1 24 
DOUBLE 60.0 1.53 1060 470 9.8 3.0 40 
LSD 
(0.05) 
11.6 NS 330 162 7.8 0.4 6 
^percent of aggregates from the 1- 4 mm fraction >0.26 mm. 
*log of percent light transmitted. 
'microbial biomass based on COj-C respired. 
^microbial respiration based on COj-C respired over a ten day incubation. 
'due to missing samples, data are presented as means only. 
^REMOVAL, NORMAL, and DOUBLE are residue treatments in the no-till plots. 
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SUMMARY 
The first objective of this study was to evaluate the 
effectiveness of ergosterol, a sterol common to most fungi, 
as an indicator of fungal biomass. Although some fungal 
species contain no ergosterol and ergosterol contents vary 
between species, this technique has advantages over other 
methods to assess fungal biomass in soil. The ergosterol 
assay requires no special skills, allows storage of the sample 
prior to analytical determination, and is not prone to 
operator subjectivity. Assay variability is less than the 
variability found in direct counts, indicating that the 
ergosterol assay may be a useful indicator of fungal biomass 
in soils. 
The second objective of this study was to evaluate the 
contribution of soil fungi to aggregate formation. Results 
indicate that addition of Chaetomium sp. to autoclaved soil 
resulted in significant increases in aggregation as measured 
by wet aggregate stability. Residue additions to autoclaved 
soil had little effect on aggregation. Subjecting soil 
samples to wet/dry or freeze/thaw cycles also had little 
effect on aggregation. Results from this study quantitatively 
support the hypothesis of Lynch and Bragg (1985) that the soil 
fungi play a major role in soil aggregation. 
The third objective of this study was to evaluate 
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potential indicators of soil quality including ergosterol, 
microbial biomass, respiration, and aggregate stability in 
field experiments. Results from the field experiments 
indicated that tillage and residue management definitely 
impacted soil physical and biological properties, but the 
magnitude of measured differences varied by site. Greater 
fungal biomass values corresponded with increased aggregate 
stability, confirming the results of Chapter 2 that fungi are 
important mechanisms in soil aggregation. Given the low 
variability of the ergosterol assay and the connection between 
greater fungal biomass and increased aggregate stability, both 
aggregate stability as measured by wet sieving and the 
ergosterol assay may be valuable indicators of soil quality. 
These two indicators, used in conjunction with microbial 
biomass, respiration, and soil C, were important indicators of 
soil quality at the field sites evaluated. 
Results from these studies suggest that increased 
understanding of soil biological processes is mandatory for 
improving soil structure, and hence soil quality, in intensive 
row-crop management. Implicit in improving soil quality is 
the fact that the soil resource willed to future generations 
will be as good as or better than current soil properties. 
Improving soil quality is a practical goal, a goal 
accomplished by previous generations in harsh, mountainous 
environments (Sandor and Eash, 1991) lacking the fertile soils 
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we take for granted. Looking at the effects of proper land 
stewardship on marginal soils by others before us, improving 
soil quality should be our goal. 
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APPENDIX A. SELECTED TABLES AND FIGURES NOT INCLUDED 
CHAPTER 3 
Table 1. Relationships between microbial C and predicted fungal C 
at Nashua, continuous corn rotation 
Tillage Respiration/ 
microbial 
biomass 
ratiof 
Ergosterol/ 
microbial 
biomass 
ratio* 
Fungal 
C* 
Fungal C-% 
of 
microbial 
biomass' 
Microbial 
biomass— % of 
total C' 
mg C/kg 
soil 
% . % 
NO-TILL 0.28 0.017 432 101 2.85 
RIDGE-TILL 
00 H
 
O
 0.025 503 150 1.53 
CHISEL 0.25 0.011 276 64 1.54 
PLOW 0.36 0.010 60 59 0.60 
^C-respired divided by microbial biomass-C. 
*Ergosterol content divided by microbial biomass-C. 
'Predicted fungal C content using soil ergosterol content. 
^Predicted fungal C portion of microbial biomass-C. 
^Microbial biomass-C divided by soil total C. 
Table 2. Tillage system effects on selected soil physical measures from soils 
sampled from a continuous corn rotation at Nashua, lA 
Residue Clay Silt Sand pH Infiltration Water 
Content 
Treatment 
% pm s"' 
NO-TILL 21.0 43.3 35.8 7.1 110 21.6 
RIDGE-TILL 20.6 41.9 37.6 7.0 36 16.1 
CHISEL 21.0 40.7 38.4 7.1 10 17.9 
PLOW 23.3 45.2 31.6 6.3 20 17.6 
LSD (0.05) 1.5 5.3 6.6 0.4 202 3.9 
P > F (0.05) 0.03 0.22 0.13 0.01 0.50 0.07 
Table 3. Relationships between microbial C and predicted fungal C 
at Nashua, corn-soybean rotation 
Tillage Respiration/ 
microbial 
biomass 
ratiot 
Ergosterol/ 
microbial 
biomass 
ratio* 
Fungal 
C» 
Fungal C-% 
of 
microbial 
biomass^ 
Microbial 
biomass- % of 
tot^l C 
mg C/kg 
soil 
% % 
NO-TILL 0.25 0.010 300 62 1.93 
RIDGE-TILL 0.23 0.008 186 50 1.86 
CHISEL 0.23 0.008 132 46 1.49 
PLOW 0.24 0.009 90 55 0.96 
^C-respired divided by microbial biomass-C. 
•Ergosterol content divided by microbial biomass-C. 
'Predicted fungal C content using soil ergosterol content. 
^Predicted fungal C portion of microbial biomass-C. 
^Microbial biomass-C divided by soil total C. 
Table 4. Tillage system effects on selected soil physical measures on soil 
sampled from a corn-soybean rotation at Nashua, lA 
Residue Clay Silt Sand pH Infiltratio Water 
n Content 
Treatment 
% um s"' 
NO-TILL 21.8 47.0 31.2 7.1 107 19.6 
RIDGE-TILL 21.4 47.1 31.5 6.9 34 18.7 
CHISEL 22.2 46.2 31.8 7.0 37 17.8 
PLOW 22.4 45.9 31.8 6.7 29 16.5 
LSD (0.05) 1.2 1.3 1.7 0.7 80 4.6 
P > F (0.05) 0.35 0.12 0.70 0.48 0.13 0.35 
Table 5. Relationships between microbial C and predicted fungal C 
at Lancaster, continuous corn rotation 
Tillage Respiration/ 
microbial 
biomass 
ratio? 
Ergosterol/ 
microbial 
biomass 
ratio* 
Fungal 
C« 
Fungal c-% 
of 
microbial 
biomass? 
Microbial 
biomass- % of 
tot^l C 
mg C/kg 
soil 
% % 
NO-TILL 0.51 0.012 479 69 2.90 
CHISEL 0.35 0.008 183 46 2.46 
PLOW 0.28 0.011 173 66 2.36 
REMOVAL 0.19 0.005 102 31 2.06 
NORMAL 0.51 0.012 479 69 2.90 
DOUBLE 0.44 0.009 588 55 2.65 
^C-respired divided by microbial biomass-C. 
^Ergosterol content divided by microbial biomass-C. 
'Predicted fungal C content using soil ergosterol content. 
^Predicted fungal C portion of microbial biomass-C. 
^Microbial biomass-C divided by soil total C. 
Table 6. Tillage and crop residue management effects on selected soil 
properties at Lancaster, WI 
Residue Clay Silt Sand pH Earthworms Water 
Content 
Treatment 
% No. — % — 
NO-TILL 15.7 79.5 4.8 5.8 78 32.4 
CHISEL 16.8 77.9 5.4 6.2 52 25.5 
PLOW 17.4 78.2 4^5 6^2 53 23.1 
LSD (0.05) NS NS NS NS 18 5.9 
REMOVAL 15.7 79.4 5.0 5.6 53 26.7 
NORMAL 15.7 67.6 4.8 5.8 78 32.4 
DOUBLE 18.1 77.7 5^0 6^0 78 37.8 
LSD (0.05) 1.6 NS NS NS NS 8.9 
Table 7. Relationships between microbial C and predicted fungal C 
at Ames, continuous corn rotation 
Tillage Respiration/ 
microbial 
biomass 
ratiot 
Ergosterol/ 
microbial 
biomass 
ratio* 
Fungal 
C* 
Fungal C-% 
of 
microbial 
biomass' 
Microbial 
biomass- % of 
tot^l C 
mg C/kg 
soil 
% % 
DISK 0.27 0.006 240 33 2.25 
CHISEL 0.20 0.003 138 20 2.30 
NO-TILL 0.30 0.008 372 49 2.28 
RIDGE-TILL 0.29 0.007 258 42 2.29 
PLOW 0.15 0.003 66 20 1.34 
^C-respired divided by microbial biomass-C. 
•Ergosterol content divided by microbial biomass-C. 
^Predicted fungal C content using soil ergosterol content. 
^Predicted fungal C portion of microbial biomass-C. 
^Microbial biomass-C divided by soil total C. 
Table 8. Tillage system effects on selected soil physical measures at 
the I.S.U. Agronomy Farm, Ames, lA 
Residue Clay Silt Sand PH Water 
Content 
Treatment 
DISK 25.3 45.8 29.0 6.9 22.1 
CHISEL 26.8 47.1 26.2 6.7 25.0 
SLOT-RIDGE 24.7 47.2 28.2 6.9 25.4 
TILL-RIDGE 22.8 40.8 36.4 7.1 21.6 
PLOW 25.2 44.3 30.4 6.4 20.5 
LSD (0.05) 3.5 6.2 9.1 0.4 3.5 
P > F (0.05) 0.25 0.20 0.21 0.02 0.04 
M 
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Figure l. Relationship between microbial biomass and macro-
(top) and microaggregate (bottom) stability 
measures at Lancaster (continuous corn rotation), 
Nashua (continuous corn and corn-soybean rotations) 
and Ames (continuous corn rotation). Relationships 
were evaluated under tillage and residue management 
systems including no-till (NT), no-till without 
residue (NT-0 RES), no-till with double residue 
(NT-2X RES), ridge-till (RT), chisel (CH), disk 
(DISK), and moldboard plowing (PL). Comparison of 
tillage descriptors between sites was not possible 
due to variations in tillage intensity in 
treatments using the same descriptor. 
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Figure 2. Relationship between amount of 00%-C respired over 
a ten day period and macro- and microaggregate 
stability measures at Lancaster (continuous corn 
rotation), Nashua (continuous corn and corn-soybean 
rotations) and Ames (continuous corn rotation). 
Relationships were evaluated under tillage and 
residue management systems including no-till (NT), 
no-till without residue (NT-0 RES), no-till with 
double residue (NT-2X RES), ridge-till (RT), chisel 
(CH), disk (DISK), and moldboard plowing (PL). 
Comparison of tillage descriptors between sites was 
not possible due to variations in tillage intensity 
in treatments using the same descriptor. 
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Figure 3. Relationship between soil ergosterol content and 
macro- and microaggregate stability measures at 
Lancaster (continuous corn rotation), Nashua 
(continuous corn and corn-soybean rotations) and 
Ames (continuous corn rotation). Relationships 
were evaluated under tillage and residue 
management systems including no-till (NT), no-till 
without residue (NT-0 RES), no-till with double 
residue (NT-2X RES), ridge-till (RT), chisel (CH), 
disk (DISK), and moldboard plowing (PL). 
Comparison of tillage descriptors between sites 
was not possible due to variations in tillage 
intensity in treatments using the same descriptor. 
Ergosterol (ug/g soil) Ergosterol (ug/g soil) 
Figure 4. Relationship between per cent soil C in the 
microbial biomass and macro- and microaggregate 
stability measures at Lancaster (continuous corn 
rotation), Nashua (continuous corn and corn-
soybean rotations) and Ames (continuous corn 
rotation). Relationships were evaluated under 
tillage and residue management systems including 
no-till (NT), no-till without residue (NT-0 RES), 
no-till with double residue (NT-2X RES), ridge-
till (RT), chisel (CH), disk (DISK), and moldboard 
plowing (PL). Comparison of tillage descriptors 
between sites was not possible due to variations 
in tillage intensity in treatments using the same 
descriptor. 
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Figure 5. Relationship between the ratio of ergosterol to 
microbial biomass and macro- and microaggregate 
stability at Lancaster (continuous corn rotation), 
Nashua (continuous corn and corn-soybean 
rotations) and Ames (continuous corn rotation). 
Relationships were evaluated under tillage and 
residue management systems including no-till (NT), 
no-till without residue (NT-0 RES), no-till with 
double residue (NT-2X RES), ridge-till (RT), 
chisel (CH), disk (DISK), and moldboard plowing 
(PL). Comparison of tillage descriptors between 
sites was not possible due to variations in 
tillage intensity in treatments using the same 
descriptor. 
Ergosterol/Microbial Biomass Rotio Ergosterol/Microbial Biomass Rotio 
Figure 6. Relationship between soil ergosterol content and 
microbial biomass (top) and mg COj-C respired over 
a 10 day incubation period (bottom) at Lancaster 
(continuous corn rotation), Nashua (continuous 
corn and corn-soybean rotations) and Ames 
(continuous corn rotation). Relationships were 
evaluated under tillage and residue management 
systems including no-till (NT), no-till without 
residue (NT-0 RES), no-till with double residue 
(NT-2X RES), ridge-till (RT), chisel (CH), disk 
(DISK), and moldboard plowing (PL). Comparison of 
tillage descriptors between sites was not possible 
due to variations in tillage intensity in 
treatments using the same descriptor. 
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Figure 7. Relationship between the respiration to microbial 
biomass ratio (top), and the percent soil C in the 
microbial biomass (bottom), to the ergosterol to 
microbial biomass ratio at Lancaster (continuous 
corn rotation), Nashua (continuous corn and corn-
soybean rotations) and Ames (continuous corn 
rotation). Relationships were evaluated under 
tillage and residue management systems including 
no-till (NT), no-till without residue (NT-0 RES), 
no-till with double residue (NT-2X RES), ridge-
till (RT), chisel (CH), disk (DISK), and moldboard 
plowing (PL). Comparison of tillage descriptors 
between sites was not possible due to variations 
in tillage intensity in treatments using the same 
descriptor. 
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Figure 8. Relationship between respiration/microbial biomass 
ratio and soil total N (top) and total C (bottom) 
at Lancaster (continuous corn rotation), Nashua 
(continuous corn and corn-soybean rotations) and 
Ames (continuous corn rotation); Relationships 
were evaluated under tillage and residue 
management systems including no-till (NT), no-till 
without residue (NT-0 RES), no-till with double 
residue (NT-2X RES), ridge-till (RT), chisel (CH), 
disk (DISK), and moldboard plowing (PL). 
Comparison of tillage descriptors between sites 
was not possible due to variations in tillage 
intensity in treatments using the same descriptor. 
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APPENDIX B. RELATIONSHIP BETWEEN SOIL ERGOSTEROL CONTENT AND 
WET AGGREGATE STABILITY- A PRELIMINARY STUDY 
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INTRODUCTION 
Soil bacteria and fungi have been implicated in enhancing 
soil structure and aggregation. Conceptual models have been 
developed that suggest size fractions at which different 
mechanisms cause aggregation of soil, however, little data 
exists to support these models. 
While it is common knowledge that soil structure is a 
dynamic property changing both temporally and spatially, 
mechanisms causing aggregation elude modelling due to the many 
mechanisms proposed (i.e., freezing and thawing, wetting and 
drying, root forces, compaction, crop rotations, residue 
cover, soil carbon content, clay content, fungi, earthworms, 
bacteria, arthropods, termites, soil animals, etc.). 
Current degradation of environmental quality due to the 
off-site costs of soil runoff and erosion mandate improved 
understanding of mechanisms important in promoting soil 
structure. This preliminary study attempts to evaluate the 
relative importance of the soil fungi to soil aggregation. 
Specifically, the objective of this study was to determine if 
estimates of fungal biomass utilizing the ergosterol method 
correspond with soil aggregation values. 
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MATERIALS AND METHODS 
Soil collected from two farms in western Illinois with 
distinctly different management histories was used. One farm 
has an 80-year history of using few off-farm inputs and the 
other farm is a conventional corn-soybean rotation. The farms 
are located on a broad, stable upland with slopes of less than 
2%. Soil samples were collected from areas mapped Sable 
(fine-silty, mixed, mesic Typic Haplaquolls). 
Soil aggregation was measured two ways: using a nested 
sieve apparatus (Table 2) using five different sieve sizes (8, 
4, 1, 0.5, and 0.15 mm; method described in Chapter 2) and 
using the microaggregate stability (Table 1) method of Kemper 
and Rosenau (1986). Ergosterol analyses followed the protocol 
outlined in Chapter 1. 
RESULTS AND DISCUSSION 
Soil microbial biomass and respiration were used initially 
to evaluate the size of the microbial pool (Table 1). Results 
from Table 1 indicated that past farm management history 
affected the percentage of water-stable aggregates, similar to 
other studies (Angers and N'Dayeamiye, 1991; Van Veen and 
Kuikman, 1990; Holland and Coleman, 1987; Allison and Killham, 
1988; Wilson and Browning, 1945; McCalla, 1947). 
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Table 2 indicates that increased ergosterol content 
parallels increases in soil water-stable aggregation. These 
results indicate a possible relationship between fungi and 
aggregate stability. Results from previous studies (Gupta and 
Germida, 1988; McCalla, 1947; Tisdall and Oades, 1980) 
demonstrated that where crop rotations were used and mulches 
left on the soil surface, soil aggregation was superior to 
other rotations that did not have crop residues on the soil 
surface. In these and other studies, estimates of soil biota 
were conducted by measuring hyphal lengths, microbial biomass, 
organic matter, etc. Similarly, declines in aggregation were 
attributed to losses of organic matter due to the exploitive 
nature of tillage which exposes inaccessible organic matter to 
microorganisms that hasten organic matter oxidation and 
subsequent loss of water-stable aggregates (Tisdall and Oades, 
1982; Oades, 1984). While not conclusive, results from this 
study suggest that fungi may be important mechanisms in soil 
aggregation. 
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Table 1. Microbial biomass, respiration, and aggregate 
stability of similar soils under contrasting 
management practices 
Crop 
rotation 
Crop Respiration 
10-20d 
incubation 
kg C/ha 
Microbial 
biomass 
kg C/ha 
Aggregate 
stability 
% 
C-C-0-M+ Hay 487 a 1130 a 94 a 
Corn 161 c 870 a 91 a 
Fence row 293 b 1076 a 86 b 
C-sb* Soybean 403 ab 1026 a 90 ab 
Corn 154 b 436 b 74 c 
MSD (0.05) 135 404 6.7 
^Corn-corn-oats-meadow rotation. 
*Corn-soybean rotation. 
Table 2. Relationship between ergosterol and water-stable 
soil aggregates 
Soil Ergosterol 
(ng/g soil) 
% Total soil in 
aggregates >0.15 mm 
Fencerow 3.2 77.2 (3.9) 
Corn 1.7 51.9 (5.9) 
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APPENDIX C. PROPOSAL TO THE ROCKEFELLER FOUNDATION 
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SYNOPSIS 
This proposal was developed at the invitation of Drs. 
Malcolm Blackie and Stephen Waddington. Dr. Blackie 
represents The Rockefeller Foundation in Southern Africa and 
Dr. Waddington is employed by the Center for Maize and Wheat 
Improvement (CIMMYT), located in Zimbabwe. 
The proposal was received by The Rockefeller Foundation 
and submitted for subsequent internal scientific review. 
Following their internal review, the proposal was rejected. 
According to documents received from The Rockefeller 
Foundation, the rejection was not based on the scientific 
merit of the proposed study, but based on the non-permanent 
employment status of the author (i.e., graduate student). 
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Fertility needs for late-planted maize: 
Contribution of alley crops and their effect on 
reducing soil erosion 
An Environmental Research Fellowship in International 
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Laboratory. 
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Nontechnical Sununary 
In Zimbabwe, the optimum time to plant maize coincides with 
the onset of the spring rains. But nearly half of the farmers 
begin planting maize over three weeks after the rains begin. 
Lower yields are usually associated with late-planted maize. 
Management practices associated with late-planted maize differ 
from practices associated with early planting, e.g. weeding is 
less timely, and the maize crop generally receives less 
fertilizer. Prior research has concentrated on methods to 
encourage farmers to begin planting maize earlier primarily 
through the use of reduced tillage. 
The problem of increasing maize yields on low fertility 
soils are further compounded by soil erosion. High rates of 
soil erosion throughout many developing countries result in 
marginally productive soils becoming even less productive. 
Invaluable soil nutrients are lost when topsoil is eroded 
necessitating the need for fertilizer to maintain crop yields. 
Increased use of more off-farm inputs to achieve the same 
yield level results in increased costs and increased risk to 
the small landholder. Methods to control soil erosion would 
be beneficial to long-term maize yields and minijnize the risk 
for small landholders by decreasing off-farm inputs. 
The objective of this proposal is to determine the soil 
fertility requirements for late-planted maize and investigate 
the potential N and C contribution of alley crop species to 
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the maize crop and the soil. Effective utilization of alley 
crop species will reduce risk to smallholders by: lowering 
off-farm input costs, reduce soil erosion through increased 
residue cover, while maintaining near-continuous maize 
production. 
Background 
A survey conducted in 1982 estimated that approximately 41% 
of the farmers in Zimbabwe begin planting maize more than 
three weeks after the onset of the first rains (Shumba 1988 
and 1989; cited in Waddington, 1991). This three-week delay 
in planting results in a substantial loss in maize yield. 
Reasons for late planting include: weak oxen to pull the 
plough, lack of oxen for draft power for poorer households, 
unavailability of seed, lack of labor, and waiting to borrow 
other farmer's oxen (Waddington, 1991). With these 
constraints, it is inevitable that some maize will always be 
planted late, especially among poorer households. Most 
management recommendations have been developed for early 
planted maize; little information exists to guide farmers 
constrained to late planting dates. Recommendations that can 
increase the yield of late-planted maize would significantly 
impact smallholder livelihood. 
The development of new methods to increase yields on late-
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planted maize under smallholder production must address the 
issues of low fertility soils and high erosion rates. 
Management strategies on marginal soils must be concerned with 
methods to maintain the soil resource and increase the quality 
of the soil while supplying sufficient nutrients to the maize 
crop. Maintaining the soil resource can be accomplished 
through fertilization and erosion control. Organic matter 
additions from alley crops can increase soil C which supplies 
substrate to the soil microorganisms which can help to 
stabilize the soil aggregates resulting in decreased erosion 
rates. 
Shumba (1985) in his study on groundnuts indicated that 
residual soil fertility in most communal areas is very low and 
suggested that studies on fertilization of sandy soils is 
needed. A study by Trouse et al. (1985) found an eight-fold 
increase in maize yields when fertilizer and manure were used 
on maize crops on communal lands. Bratton and Truscott (1985) 
suggested that increasing plant populations could increase 
yields on communal lands. They also suggested that fertilizer 
recommendations should vary depending on ecological, economic, 
organizational, and social criteria. These factors were 
loosely defined indicating that perceptions of the smallholder 
may be different than those of the researcher. 
Rates of soil loss in Zimbabwe and most of Africa make it 
difficult to increase maize yields. Grain yields in some 
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countries are lower today than they were a generation ago due 
to soil degradation (Lai, 1988). Whitlow (1987) indicated 
that erosion rates of up to 40 tons per hectare per year are 
threatening the viability of farming and are impeding efforts 
to foster development in communal lands. According to Whitlow 
(1987), the most serious erosion affects 10% of Zimbabwe 
whereas 60% of the country has negligible soil loss. The high 
rates of erosion occur in the granitic dome terrain in the 
densely populated communal lands area. An earlier study by 
Whitlow (1985) found that erosion was more acute in 
smallholder farming areas. 
Sandy, coarse-textured soils derived from granitic parent 
material are common in Zimbabwe. In these sandy soils, soil 
organic matter plays many important roles. Increased soil 
organic matter levels serve to: increase water infiltration 
rates (Boyle et al., 1989), decrease runoff and erosion, 
increase soil water holding capacity, and decrease soil 
evaporative losses (Allison, 1973; Agboola, 1974). According 
to research by Agboola (1974), the nutrient status of sandy 
soils or soils with low activity clays is directly affected by 
soil organic matter because the soil organic matter furnishes 
most of the exchange sites. Therefore, the nutrient 
availability of both macro- and micro-nutrients is dictated by 
the organic matter content. Development of management 
strategies to increase soil organic matter levels in coarse-
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textured soils common to Zimbabwe are important if sustained 
agricultural output is a research priority. 
Alley cropping is a management option which can provide 
nutrients to the maize crop and protect the soil from erosion 
by increasing residue cover. Research with Leucaena 
leucocephala at IITA (Chen et al., 1989) found increased soil 
pH values, organic C, soil K, increased maize yields, and 
decreased soil erosion 14 months after leucaena was planted. 
Kang et al. (1985) reported that Leucaena leucocephala stands 
established at IITA eight years earlier were still viable and 
that approximately 200 kg N ha"' year ' was produced from 1981 
to 1983. 
Alley crops can be used as a mulch or incorporated as a 
green manure crop which results in better N use efficiency 
(Wilson et al., 1986). Their results also found an increase 
in soil moisture retention when alley crops are used as a 
source of mulch and that mulching decreased soil temperature 
resulting in increased germination rates. In areas of limited 
rainfall, alley cropping can compete with maize for soil 
moisture. However, Kang et al. (1985) indicated that leucaena 
develops a deep rooting system which results in most of its 
water being drawn from depths greater than 50 cm deep in the 
soil, thereby limiting competition with maize for water in 
deep soils lacking root-restricting layers. 
The impact of alley cropping on maize productivity and soil 
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quality is dependent upon the species of alley crop used. 
Three alley crop species (Gliridia sepium, Cassia siaiaea, and 
Flemingia) were compared in Nigeria in a study by Yamoah et 
al. (1986). Cassia maintained a high soil microbial biomass C 
presumably due to its slow rate of decomposition. Soil bulk 
density was lower under all alley crop species. Soil N 
increased with Cassia siamea and Flemingia but decreased with 
Gliridia sepium. Cassia siamea and Gliridia sepium appeared 
to be promising species for use in Nigeria. Alley crop 
species that produce large quantities of prunings which 
decompose slowly have a beneficial effect on soil properties 
(Hulugalle and Kang, 1990). 
Enhancing microbial activity through residue amendments may 
increase soil aggregate stability and decrease potential 
erosion losses. Molope (1987) suggested that the stability of 
soil aggregates is due to the combined mechanical and 
biological action of microorganisms and their products of 
decomposition. Tisdall and Oades (1982) suggest that roots 
and fungal hyphae are the major binding agents in soil 
aggregates larger than 200 fxm, with hyphae and bacteria 
important in aggregates larger than 20 /xm. Fungal hyphae 
appear to be temporary binding agents that can hold soil 
particles together for up to several months (Jastrow and 
Miller, 1991). As aggregates break apart upon wetting, soil 
pores become blocked which contributes to soil erosion during 
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rainfall events (Tisdall and Oades, 1982). 
An increased understanding of soil microbial population 
dynamics in response to residue additions will improve our 
ability to manage the soil resource. Results by Eash (1990) 
found correlations between soil total N and C, soil 
respiration, soil microbial biomass, and wet aggregate 
stability. A promising technique for quantifying fungal 
biomass in soil is the ergosterol assay developed by Grant and 
West (1986). Recent unpublished results by Eash indicate that 
the ergosterol assay developed by Grant and West (1986) is a 
more sensitive measurement of fungal biomass and correlates 
with some standard soil physical properties. Results by 
Molope (1987) indicate that ergosterol contents were highest 
in soils with higher organic matter and correlated with 
increases in soil aggregate stability as measured by a 
turbidimetry test. 
Objectives 
Species suitable for alley cropping will be evaluated as a 
management option for: supplying N for near-continuous 
cropping of late-planted maize, supplying C to increase soil 
organic matter and improve soil structure, and reducing soil 
erosion potential on soils of low fertility developed from 
granitic parent material. Alley crop species for 
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consideration include Leucaena leucocephala, Gliricidia 
sepium, Sesbania rostrata and Cassia siamea. Questions to be 
addressed include; 
1. What is the fertilizer (N, P, K, and S) requirement for 
late-planted maize? 
2. How much of the fertilizer N required by maize can be 
supplied by the alley crop species? 
3. To what extent will alley cropping increase soil 
organic matter and soil microbial biomass? 
4. What is the effect of the alley crop residue on 
increasing soil stability as measured by soil physical and 
biological properties? 
Strategies 
To accomplish the objectives of this study, research will 
be conducted at two levels. Plot work at the research station 
will evaluate: 1) the nutrient requirements of late-planted 
maize; and 2) the effects of residue from alley cropped 
species on soil physical and biological properties in a 
controlled setting. Continuous maize plots on the research 
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station that are low in residual fertilizer nutrients will be 
used to develop yield response curves to fertilizer 
applications. The yield response curves will be used to 
calculate optimum fertilizer application rates based upon 
acceptable levels of risk. These studies will develop 
fundamental relationships between fertilizer and grain yields. 
The second level of this research will be conducted on 
smallholder fields. These plots will be used to verify 
results obtained from the research station plots. 
Existing soil survey data and field observations will be 
used to identify potential sites on both the research station 
and smallholder fields that are of similar parent material, 
topography, and slope. Soil maps are available at the 
1:1,000,000 scale (Thompson and Purves, 1978). Aerial 
photographs are available at the 1:25,000 scale (Whitlow, 
1987) and will be used to facilitate the field mapping and 
identification of soils, A process similar to the one used by 
Smaling and Van De Weg (1990) will be implemented where soil 
and climate maps at the 1:1,000,000 scale were used to 
identify sites for fertilizer trials in Kenya. Their data 
sets included a limited number of soil and climatic properties 
to establish climatic regions with similar soils on which to 
establish field trials. 
The scale of the soil maps indicates that field surveys 
will be important to get sites with similar soil properties. 
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Evaluation of the field survey can be accomplished through the 
use of transects across an identified soil map unit in order 
to establish the variability of the soil map unit. A soil 
fertility classification scheme similar to the one established 
by Sanchez et al. (1982) will be used to classify the soils 
from the different climatic regions into groups based upon 
topsoil and subsoil properties. These properties include soil 
texture, cation exchange capacity, slope, infiltration, and 
various chemical properties possibly including total soil N 
and C, nitrate, available P and K, and textural analysis. 
Results from the fertilizer trials can be analyzed with the 
linear response and plateau model utilizing the Cate-Nelson 
split for critical levels of nutrients (Denton et al., 1987). 
Planting dates for late-planted maize at the research 
station would closely coincide with the actual planting dates 
of the cooperating smallholders. Fertilizer response research 
on research station plots will be structured to reflect 
practices carried out by the cooperators. By monitoring field 
practices on the cooperators' fields, fertilizer research at 
the research station would be relevant to late-planted maize. 
Dates of fertilization, weeding, and harvesting would also 
follow dates chosen by the cooperators. 
Other research station plots would be designed to 
complement cooperator plots. These plots would evaluate 
fertilizer rates on late-planted maize when management 
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practices such as timing of fertilization, weeding, and plant 
density were optimized. Specifically, total C and N inputs to 
soil from alley cropping will be determined. Soil water 
content will be measured to evaluate water use efficiency and 
competition for water between maize and the alley crop. 
Soil erosion assessment will be accomplished by determining 
residue cover, soil water stable aggregates (Yoder, 193 6; 
Kemper and Rosenau, 1986), infiltration rates, soil C, and 
soil ergosterol (Molope, 1987; Grant and West, 1986). These 
measurements will also determine the effects of the alley crop 
on soil quality. Increases in soil C positively correlate 
with increased microbial activity, water stable aggregates, 
and decreased erosion rates. 
Linkages/Cooperation 
This two year project would complement the proposal 
submitted by Dr. Stephen Waddington (1991) to The Rockefeller 
Foundation by examining the physical and chemical effects of 
alley cropping on soils derived from granitic parent material. 
This research would develop linkages between Iowa State 
University, the USDA-ARS National Soil Tilth Laboratory, the 
University of Zimbabwe, and CIMMYT. Linkages and cooperation 
with local farmers' committees, the Zimbabwe Ministry of 
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Agriculture, and agricultural demonstrators would need to be 
developed. 
TIMETABLE 
Activity Date 
Conduct soil survey of 1/92 to 4/92 
appropriate sites 
Initiate planting of alley crops and 1/92 to 5/92 
determine dry matter and N 
contribution potential 
Document crop growth and weed pressure 1/92 to 5/92 
on smallholder plots 
Interact with local farmers and develop 1/92 to 1/94 
an understanding for constraints 
to increased maize yields 
Select cooperator sites based 5/92 
on field and lab results 
Determine plot design 6/92 
Establish and conduct fertility trials 1/92 to 1/94 
Summarize research 9/93 to 12/93 
findings/prepare recommendations 
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APPENDIX D. EFFECT OF FIELD-SCALE APPLICATIONS OF "BIO-
FERTILIZERS" ON CROP YIELD AND ECONOMICS IN 
STORY COUNTY, IOWA 
SYNOPSIS 
Concerns for improved environmental quality has resulted 
in the promotion of agricultural products that claim to 
improve soil due to the product's ability to improve or 
enhance the biological functions in soil. This dissertation 
is an attempt to evaluate the impact of soil fungi on soil 
aggregation. There is no intent, implied or accidental, that 
this dissertation supports the introduction of specific fungi 
or biological species or products for improved soil quality. 
Instead, improved understanding of the role of the fungi in 
residue breakdown and corresponding effects on aggregation may 
indicate optimum soil management practices for enhanced 
environmental quality. 
This study was conducted by Mike Hermanson, Woodland 
Farms, Inc. of rural Story City, Iowa and evaluates the 
economics of "bio-fertilization" and its effect on crop yield. 
The inclusion of this study in this dissertation is intended 
to illustrate the importance of communication between 
researchers and farmers. Without adequate communication 
between scientists and farmers, lucrative enterprises based on 
pseUdo-scientific principles can thrive using environmental 
issues as their focus. 
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INTRODUCTION 
Suppliers of "biological" fertilizer products exist and 
thrive in today's agricultural marketplace. These products 
claim to boost biological activity in soil thereby increasing 
crop production and soil health. Investigations into the 
effectiveness of these products is difficult due to several 
reasons: 1) there is growing farmer distrust of current 
scientific fertilizer recommendations; 2) agricultural 
scientists are too specialized to see the qualitative 
differences (changes in soil properties, smell, feel, ease of 
tillage) farmers see within their farming system; 3) research 
station plots do not simulate farmers' fields due to their 
limited size; 4) scientific arrogance, i.e., most answers are 
known, i.e., new approaches to old questions will not be heard 
within the scientific institutions. With this background, the 
issues become emotional in which there is no need to prove or 
disprove the effectiveness of the biological applications. A 
farmer can "know" by looking across his fence at his 
neighbors' fields. 
Biological fertilizer and inoculant recommendations often 
include lime recommendations to soils regardless of soil pH 
measurements. Suitable lime should include little Mg as Ca is 
often portrayed as the important nutrient for crop production. 
Distinctions between biological and chemical C, P, and K 
fertilizer additions are made. Fertilizer recommendations 
169 
include C which is believed to be necessary to stimulate the 
soil microbial populations. Control of soil insects is 
accomplished by adding ground seaweed as an insecticide at 
planting. 
Inclusion of this study into this appendix allows 
evaluation of these practices from two perspectives, crop 
yield and cost of producing that yield. 
MATERIALS AND METHODS 
The study was started in the fall of 1989 and continued 
through the fall of 1992 on a field (approximately 100 acres) 
northwest of Story City, Iowa. The plots consist of 12 half 
mile long strips through the field and were planted to corn in 
1990, soybeans in 1991, and corn in 1992. Each plot is 48 
rows (144 feet) wide with the middle 24 rows harvested for 
yield comparison for corn and the whole plots harvested for 
soybean. Plant populations for corn and soybean were 27,000 
and 150,000 per acre, respectively, with 36 inch spacing 
between rows. The biological products were purchased from 
AgriEnergy Resources, Princeton, Illinois. Sidedressed N 
applications were surface dribbled in late June. 
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RESULTS AND DISCUSSION 
Results from Table l indicate a 2 bushel yield increase on 
plots planted to corn receiving the biological fertilizers in 
1990. Of the twelve plots initially laid out, 2 were dropped 
from the study due to the wetness of their location and 
resulting crop loss following heavy rainfall. The range in 
yield (89.4 - 130.4 bu/acre) suggests variability in field 
conditions between plots. However, when the yields are 
averaged by treatment, there is little difference between 
management system. 
In 1991 there was a 1 bushel yield advantage on soybean 
plots receiving biological fertilizers (Table 2). Yields 
ranged from 45.2 to 50.7 bu/acre. The conventional treatment 
received no fertilizer additions whereas the AgriEnergy 
treatments received post-planting and side-dressed 
applications of fertilizer. 
In the third year of the field trials (1992) there was a 
one bushel yield advantage for the conventional fertilizer 
treatment on plots planted to corn (Table 3). Yields ranged 
from 194.0 to 201.4 bushels/acre across all plots. This range 
in yield suggesting decreased variability in contrast to the 
first year of the trial (1990). 
Table 4 indicates the relative costs of each program. The 
conventional program results in approximately $33/acre savings 
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per year with little or no yield reduction. Following the 
AgriEnergy program results in increased labor and machinery 
due to more frequent fertilization. The operator in charge of 
the trials indicated that there are no further plans to 
evaluate the AgriEnergy products (Mike Hermanson, personal 
communication). Woodland Farms has approximately 3000 acres 
of row crops thereby saving $100,000/year in production costs 
with the conventional system ($33/acre * 3000 acres = 
$99,000). 
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Table 1. 1990 corn yield 
Strip Treatment^ Yield 
bu/A 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
Conventional Average Yield 109.8 
AgriEnergy Average Yield 111. 7 
^Treatments included: 
1) 1500 pound of lime applied to AgriEnergy strips 
2) Turkey manure applied to strips 1-6 
3) AgriEnergy program included broadcast bio mix after 
planting, another bio mix (4 gallon/A) added to 28% N 
sidedress (36 gallon/A). 
4) Conventional had 28% N sidedress (40 gallon/A) only. 
5) Strips 1 and 2 were thrown out of test because of low 
spots and subsequent crop loss. 
Conventional 117.4 
AgriEnergy 110.0 
AgriEnergy 130.4 
Conventional 120.5 
Conventional 113.5 
AgriEnergy 108.4 
AgriEnergy 103.7 
Conventional 108.3 
AgriEnergy 105.9 
Conventional 89.8 
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Table 2. 1991 soybean yield 
Strip Treatment^ Yield 
bu/A 
3 Conventional 45.2 
4 AgriEnergy 47.3 
5 AgriEnergy 49.4 
6 Conventional 47.9 
7 Conventional 48.5 
8 AgriEnergy 50.7 
9 AgriEnergy 49.4 
10 Conventional 49.1 
11 AgriEnergy 47.1 
12 Conventional 
in 00 
Conventional Average Yield 47.8 
AgriEnergy Average Yield 48.8 
^Treatments included: 
1) "Bio" program applied (Fall 1990) on AgriEnergy 
strips, 
2) Liquid Ca and "Bio" product broadcast on AgriEnergy 
strips after planting. 
3) AgriEnergy sidedress mix applied with cultivator. 
4) No fertilizer applied to conventional strips. 
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Table 3. 1992 corn yield. 
Strip Treatment^ Yield 
bu/A 
3 Conventional 197.9 
4 AgriEnergy 198.3 
5 AgriEnergy 200.6 
6 Conventional 201.1 
7 Conventional 198.7 
8 AgriEnergy 198.7 
9 AgriEnergy 198.3 
10 Conventional 201.4 
11 AgriEnergy 194.0 
12 Conventional 195.1 
Conventional Average Yield 198.8 
AgriEnergy Average Yield 198.0 
^Treatments included: 
1) Low K rate and micronutrients broadcast (Fall 1991). 
2) Turkey compost added prior to ridging (Fall 1991). 
3) Starter fertilizer applied to all plots. 
4) AgriEnergy program included: 
a) "Hot mix, Bio starter, Solucal, and MinMax 
banded over row"; 
b) "Bio C" banded with herbicide; 
c) "Bio C, P, K, Thiosul", and 28% N applied 
with cultivator. 
7) Conventional program included: 
a) 28% N and herbicide band over row; 
b) 7-18-5 with S and Zn used as starter 
c) 28% N sidedressed with cultivator. 
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Table 5. Estimated average cost of conventional and 
AgriEnergy fertility programs 
Program Cost 
1990 Corn 
Conventional 24.00 
AgriEnergy 50.35 
1991 Soybean 
Conventional 0 
AgriEnergy 18.67 
1992 Corn 
Conventional $42.34 
AgriEnergy $77.22 
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APPENDIX E. AGGREGATING EFFECTS OF TEN FUNGI 
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INTRODUCTION 
Fungi, freeze/thaw cycles, and wet/dry cycles have been 
implicated as important mechanisms in soil aggregation. This 
study is an attempt to determine: 1) the aggregating potential 
of ten different fungal species; 2) the relative impact of 
wet/dry and freeze/thaw cycles on aggregation; 3) the effect 
of glucose additions to soil aggregation; and 4) the effect of 
time (1, 7, 21, and 42 days) on soil aggregation. 
This study was a preliminary evaluation of methods to 
evaluate aggregation, to determine the length of subsequent 
incubations, and to determine which fungal species to use in 
future incubations. 
MATERIALS AND METHODS 
Treatments evaluated in this preliminary study included 
autoclaved soil as a control, autoclaved soil plus glucose, 
and autoclaved soil plus glucose inoculated with Chaetomium 
sp. To evaluate the differing aggregating effects of fungi, 
ten different fungi were used and sampled after a 6-week 
incubation period. Three replicates were used for each 
treatment. 
Soil fungi collected from corn residue by Dr. Nader 
Vakili (USDA-ARS NSTL) were used in this study. The fungi 
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were cultured as described in Chapter 2. Soil (300 g) was 
obtained from an area mapped Sable sllty clay loam from a farm 
near Macomb, Illinois. The Incubations were carried out at 33 
kPa moisture content. Aggregate stability was evaluated by 
wet sieving as described in Chapter 2, except that sieve 
openings were 8, 4, 1, 0.5, 0.15 mm. Stability measurements 
were made on samples at the water content of the incubation. 
RESULTS AND DISCUSSION 
Aggregate MWD increases from 0.29 to 0.70 after 1 week of 
aggregation, demonstrating that aggregation of autoclaved soil 
increased with time. This phenomenon has been observed by 
other researchers (discussed in Chapter 3) and is sometimes 
referred to as age-hardening. Autoclaved soil continued to 
have increased aggregation up to 6 weeks (1.07 MWD). 
Aggregate size in soils inoculated with Chaetomium sp. 
did not increase after one week of incubation, implying that 
fungal induced aggregation and stabilization of soil occurs 
relatively quickly. Cycles of wet/dry and freeze/thaw 
following six weeks of incubation had a mixed effect on 
aggregation. This suggests that effects of these external 
forces on soil aggregation should be evaluated further. Data 
in Table 2 indicate that various fungi have a differential 
effect on soil aggregation. 
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CONCLUSIONS 
A one week incubation period appears to be sufficient for 
evaluating the effect of fungi on soil aggregation. There is 
a differential effect among fungal species on soil 
aggregation. For laboratory incubations, selection of a 
species with average aggregating ability, such as Chaetomium 
sp., is recommended. Effects of freeze/thaw and wet/dry 
cycles on soil aggregation is unclear and should be evaluated 
further. 
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Table 1. Aggregate stability of Sable silty clay loam soil 
following autoclaving, glucose additions, addition 
of Chaetomium sp., and cycles of wet/dry and 
freeze/thaw. Data are means of three replicates 
Treatment Weeks of incubation Wet MWD 
(mm) 
A% time 0 0.29 
A 1 0.70 
A-G+ 1 0.97 
k-G-Chaetomium^ 1 1.44 
A 3 0.75 
A-G 3 0.74 
A-G-Chaetomium 3 1.47 
A 6 1.07 
A-G 6 1.Ô1 
A-G-Chaetomium 6 1.32 
A-W/D* 6 1.09 
A-G-W/D 6 1.53 
K-G-Chaetomium -W/D 6 1.08 
A-F/T* 6 1.01 
A-G-F/T 6 0.52 
K-G-Chaetomium -F/T 6 1.01 
+ autoclaved soil 
* glucose added as a substrate 
^ Chaetomium sp. added as inoculum 
' 3 cycles of wet/dry 
3 cycles of freeze/thaw 
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Table 2. Aggregate stability of sieved Sable silty clay loam 
soil following fungal inoculation of autoclaved soil 
after a 6 week incubation 
Fungus Wet HWD 
(mm) 
Actinomucor sp. 1.94 
Aspergillus nlger 2.24 
Rhizopus nigricans 2.89 
Pénicillium oxallcum 0.66 
Chaetomlum sp. 1.67 
Gllocladlum roseum 1.39 
Fuaarlum gramlnearum 1.69 
Trlchoderma vlrlde 1.91 
Rhlzoctonla solanl 1.12 
Maraamlus oreades 0.56 
Average 1.61 
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APPENDIX F. THE EFFECT OF WET SIEVING DURATION ON AGGREGATE 
STABILITY OF A SABLE SILTY CLAY LOAM UNDER CORN 
AND FENCEROW VEGETATION 
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INTRODUCTION 
Numerous methods and techniques for measuring soil 
aggregate stability are suggested throughout the literature. 
Factors which differentiate these techniques include water 
content at sieving (air-dry, field-moist, vapor wetted, 
wetting by capillary flow, etc.), rate of sieving, length of 
sieve stroke, sieve opening size, fraction of soil used for 
aggregate determination (bulk soil versus sieving of the bulk 
soil for a particular size fraction), water content at which 
the bulk soil is sieved for obtaining the particular size 
fraction upon which subsequent aggregate stability 
measurements will be based, and duration of sieving. 
The objective of this preliminary investigation was to 
determine how duration of sieving affected aggregate stability 
measurements. 
MATERIALS AND METHODS 
Soil from a fencerow and a corn field was collected from 
areas mapped Sable silty clay loam. Field-moist soil (100 g) 
was placed onto a nest of sieves (8, 4, 2, 0.5, 0.18, 0.15 mm) 
and sieved in cold tap water for 5, 15, 30, 60, or 180 
minutes. Each treatment had four replicates. 
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RESULTS AND DISCUSSION 
Results from this study indicate that duration of wet 
sieving had minimal effect on aggregate stability (Table 1, 
Figures 1 and 2). Routine aggregate stability measurements 
must be consistent and have the same sieving duration but the 
amount of time chosen for sieving duration is of minor 
importance. 
Obtaining a representative sample is important. Data in 
Table 1 indicate that samples from the corn field used for the 
60 minute evaluation contained fewer large clods than samples 
for the 180 minute evaluation. When compared to other 
samples, this suggests that samples selected for this 
treatment may not have been representative of the bulk soil. 
Figures 1 and 2 indicate that the distribution of soil 
aggregates changes as crop management changes. The fencerow 
soil had more aggregates on the 0.5 and 2-mm sieve and fewer 
on the 0.18 and 0.15-mm sieve when compared to the soil where 
corn was being grown. These results indicate that aggregate 
distribution is highly dependent on soil management and 
independent of soil texture. 
Table 1. Effect of sieving duration on aggregate stability of a soil mapped Sable silty 
clay loam under corn and fencerow cover. Data are per cent of sieved soil 
above that sieve size and are the means of 4 replicates 
Sieve opening (mm) 
Soil Sieving 
duration 
(min) 
8 4 2 0. 5 0. 18 0. 15 
Corn 5 16 .49 6. 63 6. 34 30. 78 15 .13 20, .36 
Corn 15 12 .53 8. 57 8. 55 30. 36 15 .79 19, .84 
Corn 30 13 .54 7. 23 8. 42 29 .7 16 .79 20 .01 
Corn 60 6. 37 8. 29 7. 55 29. 81 17 .84 21 .62 
Corn 180 10 .45 8. 23 8. 82 27. 24 16 .71 18 .31 
Fencerow 5 6. 50 10 .41 28 .59 41. 21 9. 04 9. 64 
Fencerow 15 8. 68 12 .50 29 .07 36. 97 8. 26 9. 73 
Fencerow 30 5. 74 12 .00 30 .46 36. 69 7. 49 9. 98 
Fencerow 60 6. 89 12 .42 28 .93 36. 70 7. 88 10 .43 
Fencerow 180 11 .93 13 .35 26 .42 32. 57 6. 53 10 .13 
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>2 >0.5 >0.18 >0.15 
AGGREGATE SIZE(mm) 
Figure 1. Aggregate stability of a Sable silty clay loam soil 
cultivated to corn as a function of wet sieving 
duration 
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15 MM 
30 MM 
60 MM 
3 MRS 
>2 >0.5 >0.18 >0.15 
AGGREGATE SIZE(mm) 
Figure 2. Aggregate stability of a Sable silty clay loam 
sampled from a fencerow as a function of wet sieving 
duration 
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APPENDIX G. A LABORATORY STUDY EVALUATING THE AGGREGATING 
EFFECTS OF CHAETOMIUM SP. ON A SABLE SILTY CLAY 
LOAM 
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INTRODUCTION 
Previous experiments indicated that soil fungi can be 
important in increasing aggregation. The purpose of this 
experiment was to determine the combined effects of fungal 
inoculation and cycles of wet/dry and freeze/thaw. 
MATERIALS AND METHODS 
Bulk soil from fields under corn cultivation in areas 
mapped Sable silty clay loam near Macomb, Illinois was used in 
this experiment. Experimental techniques were explained in 
Chapter 2 with the exception that the nest of sieves did not 
include the 0.125 mm sieve (8, 4, 2, 1, 0.5, and 0,25 mm 
sieves). Samples were sieved for 3 min at 13 0 cycles per 
minute. 
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RESULTS AND DISCUSSION 
Results from Table 1 indicate that inoculation of 
autoclaved soil resulted in a substantial increase in 
ergosterol content, except for inoculated treatments subjected 
to wet/dry cycles. It is hypothesized that cycles of wetting 
and drying resulted in degradation of ergosterol with 
resulting decrease in ergosterol content. 
Inoculated treatments had a nine-fold increase in hyphal 
length when compared to the autoclave control. Data in Table 
1 indicate that soil ergosterol content corresponds to 
increased hyphal length. With the exception of the wet/dry 
treatment which required substantially more energy, inoculated 
treatments also required less Newtons of force or Joules of 
energy to break the artificial "pellets" 
Wet aggregate stability (wet MWD) increased following 
inoculation. Cycles of freeze/thaw decreased aggregation when 
compared to inoculated treatments incubated on the benchtop or 
treatments subjected to wet/dry cycles. Dry aggregate 
stability (dry MWD) was unaffected by fungal inoculation or 
cycles of freeze/thaw or wet/dry. These results indicate that 
fungi are important mechanisms in increasing aggregate 
stability and that cycles of wet/dry and freeze/thaw have a 
mixed effect on aggregate stability. 
Table 1. Effect of Chaetomium sp. and cycles of wet/dry and freeze/thaw on soil 
aggregation 
Treatment Inoculated Ergosterol 
(pg/g) 
Hyphal 
length 
(m/g soil) 
Newtons Joules Wet MWD 
(mm) 
Dry MWD 
(mm) 
A+ No 1.65 36 1088 0.97 0.89 1.13 
AF* Yes 12.07 294 786 0.81 1.28 1.17 
AF-F/T^ Yes 13.92 295 957 0.72 0.89 1.18 
AF-W/D* Yes 1.35 318 831 1.49 1.25 1.17 
^Soil was autoclaved and incubated the benchtop only 
*Soil was autoclaved and inoculated with Chaetomium sp. 
isoil was autoclaved, inoculated with Chaetomium sp., and subjected to freeze/thaw cycles 
'Soil was autoclaved, inoculated with Chaetomium sp., and subjected to wet/dry cycles 
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